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Editorial 


PHYSIOLOGY & BEHAVIOR is beginning its twentieth 
year of publication. This Journal has become established as 
one of the primary sources of information in its field. Due to 
the high quality of the articles, the Journal’s established rep- 
utation, and the increased manuscript flow, the Editor and 
Publisher are pleased to announce, that beginning with this 
issue the frequency of publication will be increased. Physiol- 
ogy & Behavior will be published in three volumes of six 
issues each. 
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HAWKINS, M. F. Central nervous system neurotensin and feeding. PHYSIOL BEHAV 36(1) 1-8, 1986.—A variety 
of evidence indicates that neurotensin may be involved in the regulation of ingestive behavior. Cerebral ventricular 
injections of this peptide produced a dose-dependent decrease in the food intake of food-deprived rats. The duration of the 
aphagia was found to be approximately 90 minutes for the highest dose employed (100 micrograms). The possibility that 
tolerance might develop to the aphagic effect of neurotensin was investigated. No evidence of tolerance was found after 6 
consecutive days of ventricular injection. In addition to ventricular injections, 2 possible central sites of action were 
examined: the ventromedial nucleus of the hypothalamus and the nucleus accumbens. While microinjections of neurotensin 
into the nucleus accumbens did not alter food intake, ventromedial hypothalamic administration resulted in a dose-related 
reduction in food intake. The results are discussed in relation to the possible role of central nervous system neurotensin in 


the control of feeding. 
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NEUROTENSIN (NT) was isolated from bovine hy- 
pothalami by Carraway and Leeman in 1973 [5]. Since 
then this tridecapeptide has been found to be widely distrib- 
uted in the central nervous system and in the gastrointestinal 
tract of a variety of species, including humans. In the central 
nervous system high concentrations of NT are found in the 
hypothalamus [6, 25, 45] and the nucleus accumbens [21]. 
Within the hypothalamus NT cell bodies and terminal fields 
exist in the ventromedial nucleus [16,21]. Approximately 
90% of the total body NT in rats is located outside the central 
nervous system, with the majority of this found in the small 
intestine [6]. In humans NT is found in the mucosa of the 
ileum and jejunum [4, 13, 39] and in blood plasma [1, 2, 27]. 
Additionally, plasma levels of NT change in response to food 
intake in humans. Plasma NT concentrations increase pro- 
portionally with an increase in meal size to approximately 
double baseline levels [1, 2, 27]. 

Peripheral administration of NT produces a variety of 
physiological effects including hyperglycemia [33, 41, 46], 
hyperglucagonemia [3, 33, 46], and hypoinsulinemia [3]. 
These findings suggest the possibility that NT may be in- 
volved with normal regulation of ingestive behavior. This 
suggestion is supported by recent reports that NT injected 
into the cerebral ventricular system decreases feeding in 
food-deprived rats [22,24]. In order to investigate its satiety 
effects in more detail and to determine possible central sites 
of action, NT was injected into the lateral cerebral ventri- 
cles, nucleus accumbens, and ventromedial hypothalamus. 
In addition, the possibility that tolerance develops to the 
satiety effects of NT was investigated. 





GENERAL METHOD 


Subjects 


Male Sprague-Dawley rats (275-320 g) of the Holtzman 
strain were used. They were housed individually in sus- 
pended metal cages in a temperature-controlled (22+1°C) 
room with free access to food (Purina Rat Chow) and water. 
The lights were cycled on a 12:12 photoperiod (on 0600: off 
1800). Testing was done during the light phase and was 
begun at 0900 each day. 


Surgery and Histology 


Stainless steel guide cannulae were implanted with the aid 
of a Kopf small animal stereotaxic instrument using 
ketamine HCl anesthesia (0.2 mg/g body weight, IM). 
Siereotaxic coordinates were obtained from the Pellegrino et 
al. atlas [36]. The cannulae were constructed of 22-gauge 
hypodermic tubing and were fitted with 30-gauge obturators 
which kept the lumen patent between injections. Injection 
cannulae constructed of 30-gauge stainless steel tubing were 
made to extend 1.0 mm below the tip of the guide cannulae. 
After surgery the animals were treated with penicillin (60,000 
U; IM) and a minimum of five days was allowed to elapse 
before experimentation was begun. 

At the completion of testing a histological analysis of can- 
nula placement was performed using techniques described 
elsewhere [12]. The results reported below are only for those 
animals with cannulae which were accurately placed. 


'A portion of this research was supported by a grant from the Louisiana State University Council on Research. 
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FIG. 1. Coronal section of representative implant into the lateral ventricle. Tissue was sectioned 
at 80 microns and stained with cresyl violet. 
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FIG. 2. Mean food intake for six hours following injections of saline FIG. 3. Mean total food intake over six hours. B=baseline; S=saline 
and three doses of neurotensin into the lateral ventricle. Uncon- control; 10, 50, and 100=micrograms of neurotensin. Vertical bars 
nected symbols (X) represent baseline food intake. represent | standard error of the mean. 
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FIG. 4. Mean total intake for the first 60-minutes after ventricular 
injection. B=baseline; S=saline control; 10, 50, and 


100=micrograms of neurotensin. Vertical bars represent | standard 
error of the mean. 


Microinjections 


Neurotensin (Sigma Chemical Co.) was dissolved in 
sterile distilled water and was dispensed in 100 microliter 
aliquots into microcentrifuge tubes. The aliquots were 
lyophilized, placed in a dessicator, and stored frozen until 
the day of injection. The NT was reconstituted in sterile 
normal saline for injection. Normal saline was also used for 
vehicle control injections. 

On the day of injection an animal was taken from its home 
cage, the obturator was removed, and an injector was in- 
serted. The injection volume was delivered over approx- 
imately a 30-second period and the injector was left in place 
for an additional 30 seconds to allow for diffusion to occur at 
the tip. The volume used for lateral ventricular injections 
was 5.0 microliters; these injections were unilateral. Injec- 
tions into the ventromedial hypothalamus and nucleus ac- 
cumbens were bilateral and a volume of 0.5 microliters per 
side was used. 


Procedure 


After a minimum of five days of postoperative recovery 
the animals were placed on a schedule of six-hour food avail- 
ability. Food (Purina Chow) was provided from 0900 to 1500 
each day. The animals were allowed to acclimate to the new 
schedule for 10 days. Prior to receiving food each day the 
animals were weighed and handled in a manner similar to the 
one used for injections. Body weight was recorded again at 
the end of the six-hour period of food access. Water was 
available ad lib throughout the experiment. 

On day 11 baseline food intake zecording was begun at 
intervals of 15, 30, 60, 90, 120, 180, 240, 300 and 360 minutes 
after food presentation. Preweighed portions of lab chow 
were provided and, after the specified period of time, were 
removed along with spillage which was collected on sheets of 
paper placed under the cage. The sample then was weighed 
again to the nearest 0.1g and intake was computed. Baseline 
data collection continued until food intake and body weight 
had stabilized (three to seven days). 

Experimental testing was begun on the day following 
completion of the baseline phase. During the experimental 
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FIG. 5. Mean (—1 standard error) food intake for the three meas- 
urements taken during the first 60-minute period following ventricu- 
lar injection of saline control (S) or 10 micrograms of neurotensin. 


phase the animals were handled as they were in the baseline 
period with the exception that they received injections of 
saline control or NT. Animals were immediately returned to 
their home cages after injection and the first portion of food 
was presented. Injection days were spaced a minimum of 48 
hours apart (except where indicated below) to allow for an 
intervening eight-hour period of food intake unaffected by 
NT administration. 


Statistical Analysis 


The data were analyzed with a repeated measures 
analysis of variance and subsequent post-hoc comparisons 
with Duncan’s Multiple-Range Test or the Least Significant 
Difference Test. In addition, an analysis of covariance was 
conducted on the data from Experiment | and a planned 
comparison analysis was performed on a portion of the data 
from Experiment 2. Statistically significant results reported 
below are for alpha=0.05. 


EXPERIMENT | 


Previous research has demonstrated that central adminis- 
tration of NT reduces food intake in rats [22,24]. Experiment 
1 was conducted in an attempt to replicate this firtding and to 
augment it by providing information regarding the time 
course of the aphagic effect. 


Method 


Unilateral lateral ventricular (LV) cannulae were im- 
planted in 12 experimentally naive animals. The coordinates 
for implant were 0.0 mm anterior to bregma, 1.6 mm lateral 
to the midsagittal suture, and 3.0 mm ventral to dura. In 
addition to saline control injections, three doses of NT were 
used: 10, 50, and 100 micrograms. Each animal served as its 
own control in that every animal received all four injections. 
The sequence of the injections was determined by a Latin 
square design. 


Results and Discussion 


Histological analysis confirmed the placement of the can- 
nula tips within the ventricular lumen of all 12 animals. A 
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FIG. 6. Coronal section of representative implant into the ventromedial hypothalamus. Tissue 
was sectioned at 80 microns and stained with cresyl violet. 
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FIG. 7. Mean food intake for six hours following injections of saline 
and three doses of neurotensin into the ventromedial hypothalamus. 
Unconnected symbols (X) represent baseline food intake. 


photomicrograph of a representative section is presented in 
Fig. 1. 

Six-hour food intake during the baseline, saline control, 
and three drug conditions is depicted in Fig. 2. As may be 
seen, NT decreased food intake. While this effect was signif- 
icant and dose-dependent, the aphagic effect did not persist 
throughout the entire six-hour recording period. At 60 to 90 
minutes after injection of NT, food intake had returned to 
baseline and saline control levels. 

The total amount of food consumed over six hours for the 
five treatment conditions is shown in Fig. 3. An analysis of 
variance revealed a significant reduction in six-hour intake 
following NT injection; however, a subsequent Duncan’s 
analysis demonstrated that this reduction occurred following 
injection of the highest dose of NT only. The 10 and 50 
microgram doses had no effect on total daily intake. There- 
fore, the data for the first 60 minutes were analyzed to de- 
termine dose-response relationships. 

Mean total food intake for the first 60 minutes after injec- 
tion is shown in Fig. 4. Saline injections did not change food 
intake from baseline levels. Neurotensin injections produced 
a significant decrease in food intake. Post-hoc analysis with 
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FIG. 8. Mean (—1 standard error) food intake for the three meas- 
urements taken during the first 60-minute period after bilateral ven- 
tromedial hypothalamic injection. B=baseline; S=saline; 0.5, 1.0, 
and 2.5=micrograms of neurotensin per side. 


the Least Significant Difference Test revealed that the ef- 
fects of the three doses of NT differed significantly from one 
another and from the saline control. The 10 microgram dose 
of NT reduced food intake approximately 20% from saline 
values. The intermediate dose resulted in a 52% reduction 
and 100 micrograms of NT decreased food intake by 76%. 

An analysis of covariance was performed to test for the 
possibility that the order in which the doses of NT were 
given influenced the response observed. Body weight before 
feeding was used as the covariate. No interaction was found 
between dose of NT and the date of injection. That is, the 
order in which the doses were administered had no effect on 
the aphagic response. 


EXPERIMENT 2 


Tolerance has been reported to occur to some, but not all, 
of the effects of centrally administered NT [40]. Experiment 
2 was conducted to test for the development of tolerance to 
the aphagic action of NT. 


Method 


Seven experimentally naive animals implanted with un- 
ilateral LV cannulae were used. Experimental testing began 
after daily food intake had stabilized. A saline control injec- 
tion was given on the first day followed by six consecutive 
days of NT administration and a final saline injection. A dose 
of 10 micrograms was used for all NT injections. 


Results and Discussion 


Histological analysis confirmed placement of the LV can- 
nulae within the ventricular space. The photomicrograph 
depicted in Fig. 1 is typical of implants observed in this 
experiment as well. 

As was expected based upon the results of Experiment 1, 
NT suppressed food intake for approximately one hour. Fig- 
ure 5 depicts mean values for the three recordings done dur- 
ing the 60-minute period immediately following injection. 

The effect of saline injection on food intake was the same 
at the beginning and the end of the sequence of NT injec- 
tions. Following NT injections, food intake was significantly 
reduced in comparison to saline controls. Additionally, the 
effectiveness of NT to suppress feeding was not diminished 
by daily injections. Mean scores across the six-day injection 
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FIG. 9. Mean food intake for six hours following injections of saline 
and two doses of neurotensin into the nucleus accumbens. Uncon- 
nected symbols (X) represent baseline food intake. 


period did not differ from one another (Duncans p>0.05). 
Therefore, no evidence was found to indicate that tolerance 
develops to the aphagic action of NT. 


EXPERIMENT 3 


Since the pioneering work of Hetherington and Ranson 
[14] the importance of the ventromedial hypothalamus 
(VMH) for the control of ingestive behavior has been reiter- 
ated many times. Lesions of the VMH are known to increase 
food intake dramatically while stimulation of the VMH re- 
sults in satiety and cessation of feeding [34]. 

Recently the presence of neurotensin-like immunoreac- 
tivity in the VMH has been reported [16]. This fact, coupled 
with the known aphagic action of NT, was the impetus for 
Experiment 3. The purpose of this experiment was to de- 
termine if NT injected into the VMH would alter feeding. 


Method 


Five animals were implanted with bilateral VMH can- 
nulae at 0.2 mm anterior to bregma, 0.7 mm lateral to the 
midline, and 8.0 mm ventral to dura. After baseline data 
were collected each animal was injected with saline and 
three doses of NT: 0.5, 1.0, and 2.5 micrograms per side. 
Injection sequence was randomly determined. 


Results and Discussion 


Figure 6 illustrates a representative histological section. 
In all-cases the sites of injection were found to be within the 
boundaries of the VMH. 

Microinjections of NT into the VMH had a significant 
effect on food intake across the six-hour recording period. 
These data are presented in Fig. 7. As with ventricular injec- 
tions, food intake was maximally suppressed during the early 
part of the recording period. Therefore, the first 60 minutes 
of data were subjected to further analysis and are presented 
in Fig. 8. An analysis of variance and the Least Significant 
Difference Test revealed that saline and baseline food intake 
did not differ from one another or from the lowest dose of 
NT. The 1.0 microgram dose, however, reduced food intake 
significantly from the baseline value and 2.5 micrograms of 
NT decreased intake significantly from baseline and saline 
levels. The 2.5 microgram dose of NT resulted in a 54% 
reduction in food intake from saline control. 





EXPERIMENT 4 


It has been suggested by many that the aphagia and adip- 
sia which follow lesions of the lateral hypothalamus result 
from the interruption of ascending dopamine pathways 
[43,47]. Two dopamine pathways may be involved. Nigro- 
striatal neurons originate in the substantia nigra and innervate 
the corpus striatum. Cell bodies for the mesolimbic system 
are found in the ventral tegmental area and project to the 
olfactory tubercle, frontal cortex, and nucleus accumbens 
septi (NA) [10, 23, 47]. 

While most researchers have investigated the role of ni- 
grostriatal dopamine in the control of feeding, evidence has 
accumulated which suggests that reductions in mesolimbic 
dopamine activity disrupt feeding also. Injections of 
dopamine antagonists into terminal fields in the NA produce 
deficits in behaviors essential for food procurement. These 
include deficits in oral motor behavior [17] and locomotor 
activity [29]. Additionally, Morgenson and Wu [28] have 
shown that injection of the dopamine antagonist spiroperidol 
into the NA decreases feeding elicited by electrical stimula- 
tion of the medial forebrain bundle. 

The distribution of NT in the brain closely parallels the 
distribution of dopamine pathways [15,35] and it has been 
suggested that NT may function as a modulator of the activ- 
ity in these dopaminergic systems [32, 48, 49]. When injected 
into the NA neurotensin produces a variety of responses 
indicative of a decrease in dopamine activity. These include 
reduction of spontaneous motor activity and inhibition of 
amphetamine-induced hyperactivity [11, 19, 20]. Because it 
is well known that weight loss and severe reductions in food 
intake occur when central nervous system levels of 
dopamine are decreased [37, 38, 42, 47], intake was recorded 
in the present experiment following bilateral injections of NT 


into the NA. The purpose of Experiment 4 was to investigate 
the possibility that NT aphagia occurs because of the pep- 
tide’s ability to reduce dopamine activity in the nucleus ac- 
cumbens. 


Method 


Bilateral guide cannulae were implanted in the NA of five 
animals. The coordinates were 3.2 mm anterior to bregma, 
1.5 mm lateral to the midline, and 6.0 mm ventral to the 
surface of the brain. The doses of NT used were 0.5 and 2.5 
micrograms per side. 


Results and Discussion 


Histological examination of freshly sectioned, unstained 
tissue confirmed the sites of injection within the NA of all 
animals. 

Unlike the results of VMH and LV injections. NT mi- 
croinjected into the nucleus accumbens had no measurable 
effect on food intake. The data for the complete six-hour 
recording period are presented in Fig. 9. 

The lack of aphagia following injection into the NA pro- 
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vides evidence that the NT found in this area [9,18] may not 
be involved in the regulation of feeding and suggests that NT 
aphagia is not dependent upon a decrease in dopamine activ- 
ity in this portion of the mesolimbic system. 


GENERAL DISCUSSION 


Previous reports that ventricular injections of NT de- 
crease feeding behavior [22,24] were confirmed in the pres- 
ent study. It was also found that the aphagia varied in a 
dose-related manner with higher doses of NT producing a 
greater suppression of food intake. The maximum duration 
of the aphagic response after ventricular injection appeared 
to be approximately 90 minutes for the highest dose. This 
time course may reflect the amount of time necessary for the 
peptide to be degraded by peptidases which are known to be 
present in the central nervous system [26,44]. These results 
support the contention that endogenous NT may act as a 
satiety factor via its effect on the central nervous system. 

Among the other effects produced by central NT injection 
are increases in pain threshold [7, 8, 40] and reductions in 
locomotor activity [30, 31, 40]. However, tolerance has been 
reported to develop to some of the behavioral effects of cen- 
trally administered NT. Rinkel et al. [40], for example, found 
that after three consecutive days of NT injections, reduc- 
tions in locomotor activity in an open field apparatus disap- 
peared. That is, tolerance developed. However, the same 
team also reported that no tolerance developed to the 
antinociceptive effects of NT. They concluded that the 
antinociceptive and locomotor effects may be mediated by 
different central mechanisms. As with neurotensin’s effect 
on pain threshold, the present results indicated no evidence 
of tolerance to the peptide’s aphagic action after six con- 
secutive days of injection. 

While ventricular injections of NT suggest a central site, 
or sites, of action, they provide no information about the 
location of the sites within the brain. The nucleus accumbens 
and the ventromedial nucleus of the hypothalamus were in- 
vestigated as potential sites of action in the present study. 
The findings reported here demonstrate for the first time that 
aphagia is produced by microinjection of NT into the VMH. 
This suggests that the VMH may be an important site of 
action for NT and that the aphagia which occurs following 
introduction of NT into the cerebrospinal fluid is, at least 
partially, mediated via the peptide’s effect on the VMH. The 
importance of the VMH in food intake regulation is well 
established [14,34]. The present findings suggest that the 
high concentrations of NT which have been reported in the 
hypothalamus [6, 25, 45] and in the ventromedial nucleus 
[16,21] may be important for the normal regulation of feeding 
in the rat. 

Conversely, microinjections of NT into the nucleus ac- 
cumbens had no effect on feeding. Therefore, the data pro- 
vide no evidence that the NT which has been found in the 
NA by radioimmunoassay [9,18] is importantly involved 
with ingestive behavior. 
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MOREAU, J.-L., P. SCHMITT AND P. KARLI. Ventral tegmental stimulation modulates centrally induced escape 
responding. PHYSIOL BEHAV 36(1) 9-15, 1986.—Electrical stimulation of the ventromedial tegmentum (VT) exerts a 
dual effect on escape responding, induced by stimulating either the medial hypothalamus (MH) or the dorsal part of the 
central gray matter (CG), namely a suppressant effect which reduces MH or CG induced escape responses and a facilitating 
one which increases these same responses. The relative magnitude of these effects appears to depend on both the location 
of the VT stimulation site and the stimulation intensity applied. Furthermore, VT stimulation is often more effective in 
suppressing escape responding induced by MH as opposed to CG stimulation. VT stimulation has clear rewarding effects 
but seems to have also aversive effects. The VT sites whose stimulation induces escape suppression seem to yield less 
marked aversive effects than those sites whose stimulation induces escape facilitation. Furthermore, a negative correlation 
was found to exist between the escape rate induced by a combined CG/VT or MH/VT stimulation and the self-stimulation 
rate yielded by these VT sites. These results suggest that the effects of a VT stimulation on escape responding induced by 
electrical brain stimulation are somehow related to the rewarding and/or aversive effects of this same VT stimulation. 
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ELECTRICAL stimulation of certain periventricular areas, 
such as the medial hypothalamus (MH) or the dorsal part of 
the central gray matter (CG), is well known to induce aver- 
sive effects which lead to escape reactions [8, 9, 14, 16, 22]. 
These centrally induced aversive effects can be modulated 
by an electrical stimulation simultaneously applied to brain 
Structures known to yield rewarding effects. Thus, stimula- 
tion of the lateral hypothalamus (LH) was found to exert a 
dual effect on MH induced escape [18], namely a suppres- 
sant effect and an enhancing effect which are concretely re- 
flected in a decrease and in an increase of the recorded es- 
cape responses, respectively. A stimulation applied to the 
ventral central gray, comprising the dorsal raphe nucleus 
(DR), was also found to exert such a dual effect on MH or 
CG induced escape [17]. At both LH and DR sites, the rat 
not only starts the stimulation but also tries to stop it when it 
is prolonged, suggesting that such stimulations may induce 
aversive effects [14]. The magnitude of the suppressant ef- 
fect was shown to be correlated with the magnitude of the 
rewarding effect, while the magnitude of the facilitating ef- 
fect was shown to be correlated with the magnitude of the 
induced aversive effect [17,18]. 

The ventral tegmentum (VT) is known to be a site of 
intense self-stimulation [6,12], but the rat will also try to put 
an end to such a VT stimulation [14]. Furthermore, many 
data show the LH, DR and VT to be heavily interconnected 
[7, 10, 20]. In addition, some data show that there exists a 
functional linkage between LH and VT rewarding stimula- 
tion sites [19]. The present study is an integral part of a more 
comprehensive investigation whose basic aim was to sys- 
tematically check whether the stimulation of each one of 
various brain structures such as the LH, the DR and the VT, 


all known to support self-stimulation behavior, would exert 
both a suppressant effect and a facilitating effect upon es- 
cape induced either by MH or CG stimulation. In a first 
experiment, we studied the escape response induced by 
combined VT and CG or MH stimulations, both being 
applied at various intensities. The aim of the second experi- 
ment was to find out if a VT stimulation would have quan- 
titatively similar effects irrespective of whether the escape 
response was elicited, in one and the same animal, either by 
MH or by CG stimulation, and if one can relate the observed 
suppressant and facilitating effects to the rewarding and 
aversive effects induced, respectively. 


EXPERIMENT 1: EFFECTS OF VENTRAL TEGMENTAL 
STIMULATION ON MEDIAL HYPOTHALAMIC OR CENTRAL GRAY 
INDUCED ESCAPE 


Surgery 


Male Wistar rats weighing between 300 and 400 g were 
anesthetized with Pentobarbital (40 mg/kg IP) and four elec- 
trodes were stereotaxically aimed, one at the MH, one at the 
dorsal part of the CG and two at the VT. Each electrode 
consisted of two insulated stainless steel (0.12 mm) wires; 
the tips of the two wires were separated by about 0.3 mm in 
the dorso-veiural plane. The following coordinates were 
used, with the lamda serving as the reference, lambda and 
bregma being put into one and the same horizontal plane: 


MH VT CG 


4.5 mm 1.1-1.5mm 0.3 mm 
0.3 mm 0.3 mm 0.3 mm 
8.5-8.7 mm 8.5-8.7 mm 5.5 mm 
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FIG. 1. Escape rate (mean+SEM) induced in rat GUS 25 by com- 
bined CG/VT stimulation as a function of the stimulation intensity 
applied to the ventral tegmental site, for 4 stimulation intensities 
applied to the central gray site. The escape rate induced by VT 
stimulation alone is indicated by filled diamonds. 





A stainless steel screw anchored in the frontal bone could be 
used as the indifferent electrode in the case of monopolar 
stimulation. All animals were housed individually, kept on a 


12-hour light/12-hour dark cycle with ad lib access to food 
and water, and they were allowed at least 5 days for recovery 
before starting the actual behavioral testing. 


Apparatus and Switch-Off Procedure 


Each animal was placed in a Plexiglas cage (25x25x35 cm 
high) equipped with a 4x4 cm lever (switch-off lever) placed at 
5 cm above the floor. Any brain stimulation could be inter- 
rupted for a 15-second period by the animal making a lever 
press response. Lever presses performed during the period of 
interruption were without any programmed effect. Bipolar, 
and in some cases monopolar, stimulations were applied 
either to only one brain site or to two sites at a time. The 
Stimulation consisted of 0.1 msec rectangular pulses deliv- 
ered at 50 pulses/sec, the intensity varying with the site 
Stimulated. Two independent stimulators (Stimulator T, 
Hugo Sachs Electronics or Physiovar, Alvar), each equipped 
with an isolation unit, were used to stimulate each of the two 
selected sites. In case of a combined stimulation, a constant 
interval of 10 msec separated each pulse applied to one site 
from a pulse applied to the other site. The parameters of any 
Stimulation were monitored on a differential oscilloscope 
(OCT 749 R, Schlumberger) across a 100 KQ resistor in 
series with each stimulation circuit. When a combined stimu- 
lation was applied, the two stimulations started and termi- 
nated simultaneously. A time counter (precision 0.01 sec) 
was used to measure the time for which the stimulation re- 
mained on before the animal interrupted it (escape latency). 
This general procedure was similar to that described in a 
previous paper [17]. 
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Experimental Program 


Each rat took part in a preliminary training (4 hours a day, 
for 5 days). During the first three days, stimulations were 
applied only at the escape-yielding MH or CG site. During 
the two following days, stimulations were applied simulta- 
neously to the MH or CG site as well as to the VT site. At 
least 5 different stimulation intensities (among which the null 
intensity) were chosen for each site. For the MH or CG site, 
the lowest intensity was chosen such that it would induce a 
long escape latency (about 15 sec), the cut-off time being 
fixed at 60 sec. The highest intensity induced an escape la- 
tency of about 3 sec. The intensities applied to the MH dif- 
fered among animals and varied from 30 to 290 wA. At the 
CG, they varied from 20 to 310 wA. As for VT stimulations, 
the lowest intensity was chosen such that it induced a very 
weak behavioral activation or no behavioral activation at all, 
the highest intensity eliciting locomotion, searching and 
rearing, and in some cases escape, but never forced motor 
reactions. 

Each daily session consisted of an initial warming up 
period during which the animal had to interrupt a given 
combined MH/VT or CG/VT stimulation 30 times. This was 
followed by a series of blocks of trials during which each of 
the intensity combinations was tested. These intensity com- 
binations were administered randomly, a 2 min rest period 
separating consecutive blocks of trials. A block of trials 
started with the beginning of a first application of the stimu- 
lation and terminated when the rat had stopped the same 
stimulation on 5 consecutive occasions. For each intensity 
combination, a mean escape latency was calculated from 
these 5 trials. The entire daily program was repeated for 5 
successive days. 


Data Treatment 


As in previous studies [17,18], each daily mean escape 
latency was converted into an escape rate (ER) which is 
simply the reciprocal of the escape latency. This was done 
because the escape rate showed a nearly linear increase as a 
function of stimulation intensity, whereas the escape latency 
showed a curvilinear decrease as a function of intensity. The 
data were analysed by means either of parametric or non 
parametric statistical tests [21,23]. 


Histology 


On completion of the experiments, the animals were 
overdosed with pentobarbital and intracardially perfused 
with saline followed by 10% formaldehyde. The brains were 
embedded in paraffin and 20 um serial sections were stained 
with cresyl violet. The stimulation sites were localized and 
transferred to the corresponding planes of the K6nig and 
Klippel atlas [5]. 


Results 


Figure | shows the results obtained from one (GUS 25) of 
the animals. It appears that the escape rate induced by a 
combined CG/VT stimulation is almost always lower than 
the escape rate induced by stimulating the CG site alone. 
This suppressant effect exerted by the VT stimulation on CG 
induced escape responses is proportional to the stimulation 
intensity applied to the VT (the higher the intensity of the VT 
stimulation, the more prominent the suppressant effect 
exerted). 

It should further be noted that the VT stimulation, when 
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FIG. 2. Left: Escape rate induced in rat GUS 25 by combined CG/VT stimulation (ER CG/VT) as it 
relates to the escape rate induced by stimulating the CG site only (EG CG). The straight line 
arising from the origin stands for the bissecter (ER CG/VT = ER CG). Right: Constant output 
function relating to the VT stimulation intensity the CG induced escape rate which is required to 
maintain the behavioral output constant at 0.13 sec~' when the two stimulations are applied 
together. The values on the ordinate indicate how the escape rate induced by the sole CG 
stimulation has to vary—if the CG stimulation is combined with a VT stimulation of varying 
intensity—in order for the resulting escape rate to be maintained at the chosen criterial value of 
0.13 sec". 
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FIG. 3. Constant-output functions from individual rats (each one being referred to by a different symbol) relating CG (left part) or MH 
(right part) induced escape rate to VT stimulation intensity, the behavioral output resulting from the combined stimulation being fixed 
at 0.13 sec~'. The right ordinate expresses the required CG or MH induced escape rate as a percentage of the escape rate chosen to be 
maintained as the constant output. Top section: suppression; bottom section: facilitation. 
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FIG. 4. Location of the stimulation sites shown on frontal planes of the K6nig and Klippel atlas [5]. Top row: CG and VT 
sites. For VT sites: @: suppression; A: facilitation; O: no effect. Bottom row: MH sites. For 3 animals, the stimulation sites 
could not be localized. FOR, Formatio reticularis; HL, nucleus lateralis hypothalami; HP, nucleus posterior hypothalami; 
IP, nucleus interpeduncularis; LM, Lemniscus medialis; NR, nucleus ruber; SGC, substantia grisea centralis; VM, nucleus 


ventromedialis hypothalami. 


applied alone, proved able to induce by itself intensity de- 
pendent escape, but the escape rate was then relatively low 
as compared to the escape rate induced by the combined 
CG/VT stimulation. 

Figure 2 presents the same data expressed differently. 
Here, the escape rate induced by a combined CG/VT stimu- 
lation is expressed as a function of the escape rate induced 
by stimulating the CG site alone. This was done for each of 
the stimulation intensities applied to the VT site. Let’s con- 
sider a CG stimulation intensity such that, when applied 
alone, it would prompt the rat to stop it with an escape rate 
of about 0.20 sec~'. If we now add a concomitant VT stimu- 
lation to this same CG stimulation, the rat will stop the com- 
bined stimulation less rapidly, namely with an escape rate of 
about 0.15 sec™' or 0.09 sec™' corresponding to VT stimula- 
tion intensities of 38 wA or 76 wA, respectively. Plots of this 
type were used to establish the constant output function re- 
lating the escape rate induced by the sole CG stimulation to 
VT stimulation intensity. The constant output was arbitrarily 
fixed at 0.13 sec~' (escape latency amounting to about 7 sec) 
and is referred to here as a ‘‘threshold”’ value. To clarify the 
right part of Fig. 2, the following example may be given: to 
maintain the escape rate at 0.13 sec~' when a VT stimulation 
of 76 uA is added to the CG stimulation, the intensity applied 
to the CG must be increased in such a way that it would, 
when applied alone, induce an escape rate of 0.30 sec~'. The 
right part of Fig. 2 thus indicates that the addition of the VT 
stimulation raises the threshold and that this rise is propor- 
tional to the intensity of the VT stimulation. As each inten- 
sity combination was tested daily for 5 consecutive days, one 
constant output function was established from each daily 
series of measurements. The results obtained for each rat 
were then submitted to a one factor analysis of variance 
followed, when applicable, by the Duncan multiple range 
test [23]. 

In 30 out of 43 animals, the analysis of variance revealed a 
significant effect of the VT stimulation intensity (p<0.01). 
The Duncan multiple range test further allowed to distin- 
guish between 2 groups of pairs of sites, as shown in Fig. 3. 

In a first group of 22 pairs of sites (11 CG/VT and 11 
MH/VT, see Fig. 3, top row), the addition of a VT stimula- 
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FIG. 5. Escape rates induced in one and the same animal by a 

combined MH/VT (@—®) or CG/VT (O—©) stimulation as a func- 

tion of VT stimulation intensity. These results (mean+SEM) were 

obtained from 2 different animals. For each animal, the filled triang- 

les indicate the VT induced escape rate, while the open triangles 
indicate the VT induced self-stimulation rate (right ordinate). 
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FIG. 6. Correlations between escape rate induced by combined CG/VT (left) or combined MH/VT (right) stimulation and VT self- 
stimulation rate. The escape rate induced by VT stimulation when applied alone was subtracted from the escape rate induced either by 
combined CG/VT stimulation (ER CG/VG-ER VT) or by combined MH/VT stimulation (ER MH/VT-ER VT). 


tion resulted in a significant rise (p<0.05 at least) of the 
threshold. The magnitude of this rise was generally propor- 
tional to the VT stimulation intensity. Though it varied 
among animals, the mean threshold was raised from 1.5 to 
2.5 times at the highest VT intensities used. It should be 
noted that for one of these animals the rise of the threshold 
was preceded by a significant lowering, while for another 
one (not shown on the figure) the rise progressively disap- 
peared as the VT stimulation intensity was increased. 

In a second group of 14 pairs of sites (9 CG/VT and 5 
MH/VT, see Fig. 3, bottom row), the addition of a VT stimu- 
lation resulted in a significant lowering of the threshold 
(p<0.05 at least). 

In the animals of group 1, the escape rate induced by the 
VT stimulation, when applied alone, was rather low, the 
mean maximal escape rate amounting to 0.058 sec™' 
(SEM=0.004). In contrast, in the animals of group 2, the 
mean maximal escape rate amounted to 0.116 sec™' 
(SEM=0.014). 

Figure 4 shows the histological location of the stimulation 
sites. The MH sites were located in or close to either the 
dorsomedial nucleus or the posterior hypothalamus. The CG 
sites were all located within the dorsal part of the central 
gray and the VT sites were mainly located in a region delim- 
ited dorsally by the central gray, laterally by the red nuclei 
and the medial lemnisci, and ventrally by the interpeduncular 
nucleus. Three of the VT sites were located more caudally, 
two of them between the medial lemniscus and the pedun- 
culus cerebellaris superior and another one in the median 
raphe nucleus. 

Although group | and group 2 VT sites were intermingled, 
a suppressant effect was more often induced by stimulating 
the more anteriorly located sites. 


EXPERIMENT II: EFFECTS OF VT STIMULATION ON ESCAPE 
RATES INDUCED BY MH OR CG STIMULATION. COMPARATIVE 
STUDY AND RELATION WITH VT-INDUCED SELF-STIMULATION. 


Experiment | has shown that a VT-stimulation exerts a 
dual effect on brain stimulation induced escape, independ- 
ently of the location of the site (CG or MH) whose stimula- 
tion induced escape. A further experiment was conducted in 


order to determine if a VT stimulation would exert quantita- 
tively similar effects irrespective of whether escape was in- 
duced by CG or MH stimulation and whether the magnitude 
of the suppressant effect would be correlated with the mag- 
nitude of VT self-stimulation rate. 


Method 


Observations were made on 11 rats of which 6 had already 
participated in the previous experiment. For each rat, a CG 
or MH stimulation intensity was chosen such that the escape 
rate induced amounted to about 0.16 sec™' (escape latency of 
about 6 sec). As for the VT site, 5 different stimulation in- 
tensities were chosen as described for Experiment 1. The 
experiment consisted of recording in the same rat both the 
escape latencies induced by each one of the combined 
CG/VT and MH/VT stimulations and those induced by 
stimulating each of the 3 sites alone. The different stimula- 
tion intensity combinations were randomly applied once a 
day for 5 consecutive days. The general procedure was simi- 
lar to that described for Experiment 1. 

Before the beginning of this experiment, each animal was 
placed in a self-stimulation box (25x25x35 cm). A hole (25 
mm in diameter) appeared in the front wall 5 cm above the 
floor. By poking his nose into the hole, the animal could 
interrupt a convergent light beam, thus eliciting a 0.5 sec 
stimulation train. For five days, each animal was submitted 
to a training of 300 daily interruptions of the light beam. 

In the course of the actual experiment, after completion 
of each daily series of escape latency measurements, the rat 
was placed in the self-stimulation box and the VT self- 
stimulation rates were assessed for the different randomly 
presented VT stimulation intensities. The number of nose 
pokes was recorded per | min period. A 2 min time interval 
separated two consecutive measurements. 


Statistical Analysis 


For each rat, the recorded escape rates were submitted to 
a two factor analysis of variance (stimulation site (CG or 
MH) x VT stimulation intensity) with repeated measures. 
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Results 


The escape rates induced by stimulating the CG sites 
alone (0.159+0.011 sec~') were similar to those induced by 
Stimulating the MH sites alone (0.157+0.011 sec™'). 


In all the animals, the analysis of variance revealed a 
significant effect of the VT stimulation intensity (p<0.001). 
In 6 animals, a significant effect of the stimulation site (CG 
vs. MH) was also apparent (p<0.05). The interaction stimu- 
lation site x VT stimulation intensity proved significant in 4 
rats. 

In 3 of the above-mentioned 6 rats, the added VT stimu- 
lation exerted a more marked suppressant effect on MH in- 
duced escape than on CG induced escape (for example, see 
Fig. 5, top part). In 2 other animals, the initial suppressant 
effect was followed by an increase in escape rate and here 
again the suppressant effect was more marked on MH in- 
duced escape than on CG induced escape (for example, see 
Fig. 5, bottom part). In the last animal, the VT stimulation 
only increased the escape rate and this enhancing effect was 
more marked on CG induced escape than on MH induced 
escape. 

It can further be seen on Fig. 5 that, in each animal, the 
VT self-stimulation rates increased in an orderly fashion 
within the same range of intensities than that shown to be 
effective on MH or CG induced escape. All animals exhib- 
ited this self-stimulation behavior, except one. In this last 
animal, the VT stimulation always enhanced the CG or MH 
induced escape response. 

It can also be noted that all animals interrupted the stimu- 
lation of the VT site when applied alone. 

When comparing in each animal the threshold intensity 
for obtaining self-stimulation (SS threshold) with the 
threshold intensity which would prompt the rat to stop the 
stimulation applied to the VT site alone (escape threshold) 
we found that, in 8 of the 11 animals, the escape threshold 
was higher than the SS threshold. In 2 animals, the two 
thresholds were similar and the last animal did not exhibit 
self-stimulation behavior. 

Finally, for 7 pairs of sites, the VT stimulation already 
suppressed the CG or MH induced escape at the lowest in- 
tensity used while the rat did not yet self-stimulate at such an 
intensity. At higher intensities however, a further decrease 
of the escape rate went together with an increase of the VT 
self stimulation rate. 

Figure 6 shows that there exists a negative correlation 
between the VT self-stimulation rate and the escape rate 
induced either by a combined CG/VT stimulation (left part) 
or by acombined MH/VT stimulation (right part). As already 
pointed out, the stimulation of the VT sites also induced 
escape responses, and the effect so produced could possibly 
add up with the aversive effect induced by the CG or MH 
stimulation. Thus, to establish the above-mentioned correla- 
tin, we have subtracted from the escape rate induced by the 
combined stimulation (ER CG/VT or ER MH/VT) the escape 
rate induced by stimulating the VT site alone (ER VT). 


DISCUSSION | 


The present data show that an electrical stimulation of the 
ventral tegmental area (VT) exerts a dual effect on escape 
responses induced either by central gray (CG) or by medial 
hypothalamic (MH) stimulation, namely a suppressant effect 
and a facilitating effect that respectively attenuate and 
enhance CG or MH induced escape responses. These data 
thus extend to VT sites previous findings showing that stimu- 
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lations applied at lateral hypothalamic [18] or dorsal raphe 
nucleus [17] sites modulate centrally induced escape re- 
sponding. It may be noted that the suppressant effect is un- 
likely to be due to some motor impairment since VT stimula- 
tion was in fact shown, in agreement with observations made 
in other studies [4], to increase locomotor activity—thereby 
increasing the probability to press the lever—and to induce 
rearing and sniffing, and since the chosen VT stimulation 
intensities were below those inducing motor side effects. 

Since only two categories of sites were found within the 
VT, the suppressant and facilitating effects appear to be 
more easily distinguishable than in the case of DR or LH 
sites where both effects could be induced by stimulating one 
and the same site at different stimulation intensities. How- 
ever, the following three facts suggest that such a distinction 
is not a clearcut one. 

(1) The suppressant VT sites were found to be interming- 
led with the facilitating sites and at some sites, the suppres- 
sion was preceded by a facilitation though not always signifi- 
cant, while at other sites, the suppression was followed by a 
facilitation. 

(2) At a number of VT sites, the stimulation was found to 
produce either a suppressant or a facilitating effect depend- 
ing on the temporal features of the applied stimulation. Thus, 
a given VT stimulation would exert a suppressant influence 
when the rat could interrupt both the VT and the CG (or MH) 
stimulation simultaneously, whereas the same VT stimula- 
tion would produce a facilitation of escape if the rat could 
interrupt only the CG or MH stimulation; and this facilitating 
effect would then remain effective as long as the VT stimula- 
tion goes on. In other words, a rewarding VT stimulation 
which produces an escape suppressant effect can also 
produce an escape facilitating effect when prolonged (un- 
published data). 

(3) The existence of a dual influence exerted by VT stimu- 
lations on CG or MH induced escape also appears when 
short trains of stimulations (0.6 sec) are applied to the VT 
and when the time interval separating these trains is varied. 
Indeed as the intertrain interval is shortened, the escape 
suppressant effect first increases before reaching a maximum 
value, and then decreases (unpublished data). 

The data obtained confirm previous observations showing 
that rats would self-stimulate at VT sites [6,12], but also 
interrupt the stimulation when it is prolonged [14]. This 
suggests that, in addition to the induced rewarding effects, 
VT stimulation also induces aversive effects. Interestingly, 
at those VT sites where the stimulation induced escape sup- 
pression, the maximal escape rate induced by the VT stimu- 
lation applied alone was lower than that yielded by those 
sites where the stimulation resulted in escape facilitation. 
Furthermore, a negative correlation was found to exist be- 
tween the VT self-stimulation rate and the escape rate in- 
duced by a combined stimulation, provided one subtracted 
from the latter escape rate that induced when stimulating the 
VT site alone. It should be added that the parameters of the 
regression line proved quite similar to those found for dorsal 
raphe sites [17]. Interestingly, in one rat that did not exhibit 
VT self-stimulation behavior, suggesting that the stimulation 
at this VT site was not rewarding, the VT stimulation did not - 
exert any suppressant effect but rather enhanced both CG 
and MH stimulation induced escape. 

Taken together, these data strongly support the sugges- 
tion, previously made for DR and LH sites, that there exists 
a relation between escape suppressant and rewarding ef- 
fects on the one hand, and between escape facilitating and 
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aversive effects on the other hand. The fact that a slight 
suppressant effect was already observed when some VT 
sites were stimulated at the lowest intensity that did not 
prompi the rat to self-stimulate seems to be in contradiction 
with the above conclusion. However, one can assume that 
the long-lasting VT stimulation applied in the case of a com- 
bined stimulation may actually induce a rewarding effect, but 
too small to still elicit self-stimulation when only 0.5 sec 
trains are available. 

As in the case of DR stimulation, VT stimulation was 
often found to exert a more marked suppression on MH 
induced escape than on CG induced escape. This differential 
effect is probably due to some inherent differences in the 
effects induced when stimulating MH or CG alone, even 
though the escape rates induced may prove identical. Thus, 
flight reactions induced by microinjections of bicuculline 
methiodide were shown to be quite different depending on 
whether the injection was performed at the MH or at the CG 
level, suggesting that the underlying aversive effects were 
different [3]. Furthermore, the effects of CG and MH stimu- 
lations differ in that MH stimulation induces not only aver- 
sive but also rewarding effects [1. 2, 11, 15], whereas CG 
stimulation induces only a weak or no rewarding effect at all 
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[13,14]. Therefore, as suggested in a previous study [17], a 
MH stimulation—while inducing an aversive effect—may 
also induce a suppressant effect if there is a relation between 
rewarding and suppressant effects. When such a MH stim- 
ulation is then combined with a VT stimulation, the two 
suppressant effects would add up and this summation could 
explain why the suppression resulting from VT stimulation 
appears to be more marked on MH induced escape than on 
CG induced escape. 

In conclusion, the present data extend and strongly sup- 
port previous ones showing that stimulation of brain sites 
known to yield rewarding effects exerts in fact a dual effect 
on centrally induced escape responses. 
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Effects of ovariectomy, adrenalectomy and administration of oxytocin and prostaglandin F,a. PHYSIOL BEHAV 36(1) 
17-23, 1986.—We have previously observed that about 60% of virgin, wild female house mice (Mus musculus), that were 
the offspring of wild mice trapped in Missouri, exhibited infanticide when a single 2-day-old pup was placed into each 
female’s home cage. But, by the end of pregnancy, there was a significant increase (to 90%) in the proportion of wild female 
mice that exhibited infanticide. At parturition, infanticide was inhibited and parental behavior was induced in all females. In 
the present study we examined the influence of ovarian and adrenal hormones, as well as two hormones associated with 
pregnancy and parturition: oxytocin and prostaglandin F,a (PGF), in regulating infanticide and parental behavior in wild 
female house mice. The presence or absence of gonadal and adrenal hormones did not influence the frequency of infantici- 
dal behavior in adult female mice. Subcutaneous injections of either oxytocin or PGF inhibited infanticide in previously 
infanticidal pregnant females 1 hr after injection, but only oxytocin served to also facilitate parental behavior (most 
PGF-treated females left the pup untouched). Oxytocin, but not PGF, was effective in inhibiting infanticide in previously 
infanticidal virgin females. These findings suggest that, by themselves, ovarian and adrenal hormones do not mediate the 
exhibition of infanticide by wild female mice, but the lack of response to PGF in virgin females suggests that endocrine 
changes during pregnancy (possibly changes in steroids) may modulate the inhibitory effects of PGF on infanticide. 
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INFANTICIDE in house mice has traditionally been consid- 
ered to be an androgen-dependent behavior exhibited by 
males and only rarely by females [34,37]. Recently, how- 
ever, it was reported that most (90%) of the female offspring 
of wild house mice trapped in Israel were infanticidal as 
virgins [11]. We have observed that the frequency of infan- 
ticide in the female offspring of wild house mice (referred to 
as ‘‘wild-type’’ mice) trapped in Missouri varies depending 
on reproductive status: of 83 virgin females tested, 61% were 
infanticidal. But, significantly more (90%) of the females 
were infanticidal during late pregnancy. In contrast, these 
same females exhibited normal parental behavior toward 
both their own and unfamiliar pups after parturition [16]. 
Previous studies on infanticide in domestic stocks of 
house mice have found the frequency of infanticide to be 
higher in prepubertal than in adult females [35]. However, 
our findings with wild-type female mice were quite different. 





We found that the frequency of infanticide was significantly 
lower in prepubertal females (33% were infanticidal) than in 
adult virgin females [16]. In addition, our finding that the 
frequency of infanticide increased during late pregnancy in 
wild-type female house mice was in contrast to previous 
studies using domestic stocks of rats and mice in which the 
onset of some aspects of maternal behavior has been corre- 
lated with advancing gestation [21, 27, 29]. We have ob- 
served that infanticide in wild-type female house mice was 
only inhibited around the time of parturition. In the present 
experiments we sought to determine: (1) whether adrenal 
and gonadal steroids were required for female mice to exhibit 
infanticide and (2) what mechanisms might be responsible for 
the observed changes in infanticidal behavior at parturition. 


GENERAL METHOD 


Wild house mice (Mus musculus) were trapped using 


‘Requests for reprints should be addressed to Frederick S. vom Saal, 200 Lefevre Hall, Division of Biological Sciences, University of 
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Sherman live traps in an abandoned building in a field on the 
Charles W. Green Experimental and Research Wildlife Man- 
agement Area located in Boone County, Missouri. Approx- 
imately 100 wild mice were originally trapped (roughly 40 
males and 60 females) and were then bred in a closed colony 
in which no brother-sister matings were allowed. The 
animals utilized in the experiments were the F .-F, offspring 
of the mice wild-trapped in the field. These animals are re- 
ferred to as wild-type mice since about 20% of the pairs of 
wild-trapped mice did not produce young. Matings were ob- 
tained with one male and one female per cage. All animals 
were weaned at 25 days of age and then housed in same-sex 
groups. The mice were housed in rooms maintained at 
23+1°C on a 12:12 light:dark cycle, with lights on at 0600 
hours. Housing consisted of polypropylene cages 
(18x29x 13 cm) with aspen bedding. Purina breeder chow 
and water were available ad lib. 

All females to be tested were naive (they had no previous 
experience with pups), and they were isolated for 5 days 
prior to testing. When a female was tested, one 2-day-old 
pup was quietly placed into the corner of her cage, and the 
animals were left undisturbed for 30 min. If a female was 
found in the nest hovering over the pup, the behavior was 
recorded as ‘‘parent.’’ If the pup was found dead, the behav- 
ior was recorded as “‘infanticide,”’ and if the pup was cold, 
unharmed, and not in a test female’s nest, the behavior was 
recorded as ‘‘untouched.’’ We did not determine whether a 
pup had actually been left completely untouched by a test 
animal, but only those animals that could be positively con- 
firmed as exhibiting infanticide or parental behavior were 
classified accordingly. In these experiments we utilized a 
30-min test period without direct observation due to con- 
cerns that closely monitoring the behavior of the females 
might alter their behavior. 

The pups used in these experiments were 2-day-old CF-1 
albino pups. We have observed that neither wild-type male 
nor female mice in our colony behave differently toward 
CF-1 and wild pups. We are not suggesting that adult mice 
cannot discriminate between albino and wild-type pups (in 
fact, there is evidence for pup discrimination by lactating 
mice; [6]). But, whether an adult mouse exhibits infanticide 
or parental behavior does not appear to be influenced by the 
characteristics (strain, sex or age) of the young (cf. [11, 14, 
16, 34, 36, 40, 41)). 


RESULTS 


1. Effect of Ovariectomy and Adrenalectomy on Infanticide 
by Adult Virgin Females 


Virgin female wild-type house mice, 70-90 days old, were 
pretested for infanticidal behavior (see [16]). Only females 
that exhibited infanticide (approximately 60%) were utilized 
in this study. Bilateral ovariectomies were performed on 25 
infanticidal females under nembutal anesthesia. The females 
were housed individually after surgery. The previously in- 
fanticidal females were tested for infanticide 5 days later, 
and 88% remained infanticidal after ovariectomy. 

Fourteen of the females that remained infanticidal after 
ovariectomy were subsequently adrenalectomized 2 weeks 
after ovariectomy using nembutal anesthesia. In addition, 14 
previously infanticidal virgins with intact ovaries were ad- 
renalectomized. The adrenalectomized animals were given 
1% NaCl and 0.5% dextrose in their drinking water. The 
females were tested for infanticide 5 days after surgery, and 
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FIG. 1. The percent of wild-type female house mice (that had exhib- 
ited infanticide on a pre-test prior to surgery) that exhibited infan- 
ticide, parental behavior, or left untouched a single 2-day-old pup 
that was placed into each female’s home cage for 30 min. The 
females were examined 5 days after surgery to determine whether 
their behavior toward young would change after ovariectomy 
(N=25), adrenalectomy (N=14), or ovariectomy and adrenalectomy 
(N=14). 


then the absence of adrenal tissue was verified in all females 
at autopsy. 

Neither adrenalectomy nor ovariectomy and adrenalec- 
tomy influenced the incidence of infanticide in female mice; 
79% of the adrenalectomized virgins with intact ovaries ex- 
hibited infanticide, and 93% of the ovariectomized and ad- 
renalectomized virgins exhibited infanticide when tested 5 


_days after surgery (see Fig. 1). Again, all of these females 


had exhibited infanticide on the pretest, and the removal of 
steroid-secreting organs did not result in a significant de- 
crease in the frequency of infanticide in these females (few 
infanticidal virgin females change in their behavior toward 
young when retested; see Experiment 5 below). 


2. The Behavior Toward Young of Ovariectomized- 
Adrenalectomized Females Without Prior Experience 
Exhibiting Infanticide 


Most naive, domestic male house mice do not exhibit 
infanticide following gonadectomy [34, 35, 37]. But, if male 
mice have been given the opportunity to exhibit infanticide, 
gonadectomy does not result in a significant decrease in the 
tendency for male mice to exhibit infanticide, although this 
conclusion was based on a small sample [10]. In order to 
determine whether the experience of exhibiting infanticide 
during the pretest in the prior experiment resulted in an un- 
coupling of the influence of steroid hormones on the behav- 
ior of female mice toward young, 10 naive females were 
ovariectomized and adrenalectomized using the same surgi- 
cal procedure described above. The mice were then tested 
for infanticide 5 days after surgery. There was no difference 
in the frequency of infanticidal behavior between naive, in- 
tact virgins (61% exhibited infanticide, 15% exhibited paren- 
tal behavior, and 24% left the pup untouched [16]) and the 
ovariectomized and adrenalectomized virgin females (60% 
exhibited infanticide, and 40% left the pup untouched) (’, 
p>0.1). Therefore, ovariectomy and/or adrenalectomy do 
not influence the behavior of virgin female house mice 
toward young regardless of whether or not the females have 
had the experience of previously exhibiting infanticide. 
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3. The Effect of Ovariectomy on Changes in Behavior Toward 
Young During Adolescence in Female Mice 


There is a significant increase in the frequency of infan- 
ticide during adolescence in wild-type female mice [16]. To 
determine if ovarian secretions during adolescence influence 
infanticidal behavior in adulthood, 22 female mice were 
bilaterally ovariectomized as juveniles (between 40—42 days 
old and prior to vaginal opening) using nembutal anesthesia. 
Following surgery the mice were housed individually for 2 
weeks and then group-housed 5 per cage until 5 days prior to 
testing. The testing procedure was the same as that previ- 
ously described, and testing occured when the mice were 
fully mature at approximately 70 days of age. 

Of the 22 prepubertally-ovariectomized females tested, 
59% exhibited infanticide, 9% behaved parentally, and 32% 
left the pup untouched. Thus, there is no significant differ- 
ence in the frequency of infanticide by prepubertally- 
ovariectomized, adult virgin females and the intact, adult 
virgin females tested previously ([{16]; x”, p>0.1). 


4. Effect of Treatment With Oxytocin or Prostaglandin on 
Infanticide by Pregnant Females 


Adult female wild-type house mice were housed for 2 
weeks with a stud male, after which the male was removed. 
Females that were visibly pregnant were pretested for infan- 
ticide. Only infanticidal females were utilized in the subse- 
quent experiment. After the pretest the mice were left undis- 
turbed for 2 hr, and then 21 previously infanticidal females 
were given a single subcutaneous 5 USP injection of oxyto- 
cin (Med. Tech. Inc., Elwood, KA). In addition, 19 previ- 
ously infanticidal females were injected subcutaneously with 
a single 500 wg dose of prostaglandin F,a (PGF; UpJohn, 
Kalamazoo, MI). Nineteen previously infanticidal pregnant 
females were also administered a 0.10 cc injection of physi- 
ological saline. The dose of oxytocin utilized was based on 
the results of a pilot study in which doses of between 2 and 8 
USP were administered to pregnant wild-type female mice. 
The dose of PGF used here was based on doses used by 
other investigators [3, 5, 26] as well as the results of a pilot 
study in which up to 1.5 mg of PGF was injected SC into 
pregnant wild-type female mice. In neither the PGF nor the 
oxytocin pilot studies did the higher doses result in a differ- 
ent effect on the females’ behavior from that reported below. 

All mice were left undisturbed for 1 hr after the injection, 
and then a pup was placed into each female’s cage. The 
response of the test female toward the pup was recorded at 
hourly intervals for 5 hr. Once a female exhibited infanticide, 
she was not given another pup, and her behavior was re- 
corded as ‘‘infanticide”’ at all subsequent times. Immediately 
after the end of the experiment, the pregnant females were 
sacrificed by cervical dislocation, and the fetuses were 
weighed to determine the day of pregnancy. A previously 
established profile of fetal weights on Days 11-18 of preg- 
nancy (gestation lasts 18 days) in time-mated, wild-type 
females was used as a reference for estimating the day of 
pregnancy. 

Oxytocin-injected, previously-infanticidal, pregnant mice 
were significantly less likely to exhibit infanticide (2/21) 
and more likely to exhibit parental behavior (6/21) than 
were saline-treated controls, 18/19 exhibited infan- 
ticide; x7(2)=21.57, p<0.001; see Fig. 2. The response of 
oxytocin-injected females toward pups was still significantly 
different from control females 5 hr after the injection, 
x(2)=20.79, p<0.001. Of the 21 pregnant females injected 
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with oxytocin, 14 were between Days 11-14 of pregnancy 
and 7 were between Days 15-17 (28.5% and 14% had killed 
the pup by 5 hr after injection, respectively). 

PGF-injected pregnant mice were also significantly less 
likely to exhibit infanticide than were saline-injected con- 
trols, x°(2)=24.00, p<0.001; see Fig. 3. The effect of PGF 
was transient in some females, and by the fifth hour after 
injection, 11 of 17 females had become infanticidal again. 
However, the behavior of the PGF-injected females 5 hr 
after injection was still significantly different from that of 
saline-injected control females, x7(2)=7.37, p<0.05. At 1 
hr after the injection, only 2/19 (11%) of PGF-treated 
pregnant females exhibited parental behavior. PGF thus 
inhibited infanticide but did not facilitate parental behavior 
in pregnant female mice. Of the 19 pregnant females injected 
with PGF, 8 were between Days 11-14 of pregnancy and 11 
were between Days 15-17 of pregnancy (62% and 54% had 
killed the pup by 5 hr after injection, respectively). 


5. Effect of Treatment With Oxytocin or Prostaglandin on 
Infanticide by Adult Virgin Females 


Virgin female wild-type house mice between 70-90 days 
of age were pretested for infanticide, and only females that 
exhibited infanticide were used in the following experiment. 
After the pretest, the females were left undisturbed for 2 hr. 
Seventeen infanticidal females were injected subcutaneously 
with a single 5 USP (0.25 cc) dose of oxytocin. Another 17 
infanticidal females were injected subcutaneously with a 
single 500 yg (0.05 cc) dose of PGF. To serve as controls, 16 
previvusly-infanticidal, virgin females were administered a 
0.10 cc injection of physiological saline. 

All of the females were left undisturbed for 1 hr after the 
injection and then a single pup was placed into each female’s 
cage. The behavior of each female toward the pup was re- 
corded at hourly intervals for 5 hr, beginning with the behav- 
ior exhibited at the time the pup was placed into the cage 1 hr 
after the injection. Once a female exhibited infanticide, she 
was not given another pup, and her behavior was recorded as 
‘*infanticide’’ at all subsequent times. 

One hour after the injection, previously-infanticidal, vir- 
gin females treated with oxytocin were less likely to exhibit 
infanticide (8/17 exhibited infanticide) and more likely to 
parent the pup (5/17 exhibited parental behavior) 
than were previously infanticidal virgin, saline-injected con- 
trols, 14/16 exhibited infanticide, 1/16 exhibited parental 
behavior, and 1/16 left the pup untouched; ,*(2)=6.1, 
p<0.05, see Fig. 2. The difference between saline and 
oxytocin-treated females was still statistically significant 3 hr 
(p<0.05) but not 5 hr (p=0.06) after the injection. 

Infanticidal virgin females injected with PGF did not dif- 
fer in their response toward pups from saline-injected con- 
trols: 16/17 PGF-treated females exhibited infanticide im- 
mediately after the pup was placed into the cage | hr after 
injection, while 1 female left the pup untouched throughout 
the test period (see Fig. 3). Since virtually all saline-treated 
and PGF-treated females exhibited infanticide as soon as the 
pup was placed into their cages | hr after injection, a statisti- 
cal comparison was only made at this one time point. 


6. Effect of Vaginal Stimulation on Infanticide by Pregnant 
Female Mice 


In this experiment we sought to determine if stimulation 
of the cervix and vagina of a pregnant female mouse might 
mimic the mechanical events of parturition and thereby in- 
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FIG. 2. The number of pregnant and virgin wild-type female house 
mice that exhibited infanticide, parental behavior, or that left a 
single 2-day-old pup untouched after a single subcutaneous injeciion 
of oxytocin. Only females that exhibited infanticide on a pre-test 
on the morning of the experiment were utilized. A single 2-day-old 
pup was placed with each female 1 hr after hormone injection, and 
the response at 1, 3 and 5 hr for the oxytocin-treated females and at 1 
hr for the saline-treated controls is presented. 


hibit infanticide. Eleven wild-type females that were be- 
tween Day 15 and Day 18 of pregnancy were stimulated by 
inserting a metal probe into the vagina and touching the cer- 
vix on at least 10 separate thrusts. The females were then 
returned to their cages and tested for infanticide 1 hr later. If 
mechanical stimulation of the cervix were to mediate the 
inhibition of infanticide at parturition, then an interval of 1 hr 
between stimulation and exposure to a pup should be suffi- 
ciently long, since with latencies of even 1 hr, most of the 
litter would be killed. Ten (91%) of the vaginally-stimulated 
females exhibited infanticide, and this frequency of infan- 
ticide is not significantly different from previously examined 
[16], unhandled pregnant females (90% were infanticidal; x’, 
p>0.1). The day of testing was calculated based on the day 
of delivery, which is Day 18 of pregnancy for wild-type 
females. Four females were tested on Day 15, 2 females were 
tested on Day 16, 3 females were tested on Day 17 (1 of these 
females left the pup untouched), and 1 female was tested on 
day 18 of pregnancy (a few hours prior to parturition). Since 
the blood concentrations of numerous hormones change 
dramatically during the last 4 days of pregnancy in mice [38], 
and some females were tested on each of the last 4 days of 
pregnancy, these negative results are not likely to be due toa 
failure to provide vaginal stimulation against the proper 
endocrine background. Thus, either the experimental tech- 
nique did not accurately mimic the mechanical events of 
parturition, not enough stimulation was received by the 
females, or vaginal stimulation is not a significant factor in 
inhibiting infanticide and inducing parental behavior in preg- 
nant female mice. 


DISCUSSION 


In one strain of domestic mice (C57BL/6J), more adult 
females that were gonadectomized either at birth or at 25 
days of age have been reported to exhibit infanticide than 
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FIG. 3. The number of pregnant and virgin wild-type female house 
mice that exhibited infanticide, parental behavior, or that left a 
single 2-day-old pup untouched after a single subcutaneous injection 
of prostaglandin F,a (PGF). Only females that exhibited infanticide 
on a pre-test on the morning of the experiment were utilized. A 
single pup was placed with each female 1 hr after the hormone 
injection, and the animals were examined at hourly intervals. The 
response at 1, 3 and 5 hr for PGF-treated females and at 1 hr for 
saline-treated controls is presented. 
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gonadally-intact adult females using the same procedure to 
test for infanticide that is described in the present paper. 
There was also a decrease in the proportion of C57 female 
mice that exhibited infanticide during adolescence. These 
findings had led to the suggestion that gonadal steroids acted 
to inhibit infanticide in female mice, but that there was an 
interaction between hormonal state and genotype in female 
mice in terms of behavior toward young (since few female 
mice from the DBA strain exhibited infanticide regardless of 
age or endocrine state [15,35]). 

In wild-type female mice that we have tested for their 
behavior toward young, about 60% of females have exhibited 
infanticide whether they were gonadally-intact or were 
gonadectomized either prepubertally or in adulthood (see 
also [16]). Adrenalectomy also was without effect on the 
proportion of wild-type females that exhibited infanticide. 
Thus, the results of our experiments indicate that in virgin, 
wild-type female mice, infanticide occurs in the absence of 
steroid hormones of either ovarian or adrenal origin. There- 
fore, these results do not support the hypothesis that gonadal 
and/or adrenal steroids directly mediate either the exhibition 
or the inhibition of infanticide in virgin, wild female mice. 

In most domestic stocks of mice, males are significantly 
more likely to exhibit infanticide than are females, although 
differences between domestic stocks in the frequency of in- 
fanticide for both males and females have been reported 
[34,35]. We have observed that in wild-type mice, signifi- 
cantly more sexually-naive males (about 90%) than virgin 
females (about 60%) exhibit infanticide [16, 17, 18]. It is also 
well established from studies with domestic stocks of mice 
that androgen exposure both around the time of birth (pre- 
natal and postnatal) and in adulthood markedly influences 
the frequency of infanticide in groups of males [34,37]. While 
these findings appear to support the hypothesis that the rela- 
tionship between hormones and infanticide in female mice is 
fundamentally different from that in male mice, in fact, a 
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recent study suggests that this might not be the case. We 
have observed that 9 of 10 adult, naive, wild-type male mice 
exhibited infanticide two weeks following castration when 
tested with the same procedure described in the present 
studies. Since the testing procedure that is used has a dra- 
matic effect on the behavior of wild-type male mice toward 
young [17,18], other wild-type males were also tested by 
being placed into the cage of a lactating female and her litter 
4 weeks following castration, and 7/10 of these castrated 
males exhibited infanticide (unpublished observation). 
Taken together with the results of the present experiments, 
and in marked contrast to studies with outbred domestic 
stocks of mice, these findings suggest that in wild-type male 
and female mice, the exhibition of infanticide may be inde- 
pendent of circulating concentrations of gonadal hormones 
at the time of testing. It is possible, however, that steroids 
mediate the organization during early life of sex difference in 
the frequency of infanticide in wild-type mice. 

One of the striking features of infanticide in wild-type 
female house mice is that most previously noninfanticidal 
females become infanticidal during late pregnancy, but all 
females then care for their own litters after parturition [16]. 
These findings contrast with the results of other experiments 
using domestic stocks of mice and rats [21,29], although 
there is one study that reports that in Long Evans rats, vir- 
tually all virgin females exhibit infanticide. While there was a 
significant reduction in the proportion of Long Evans 
females that exhibited infanticide just prior to parturition, 
many females continued to exhibit infanticide just prior to 
the birth of their own litters [27]. These findings suggest that 
in Long Evans rats as well as wild-type house mice, events 
either very close in time to parturition or during parturition 
mediate the inhibition of infanticide. Our findings do contrast 
with the study with rats by Peters and Kristal [27] in that we 
observed an increase in the proportion of females exhibiting 
infanticide prior to parturition [16] while they observed a 
slight, but significant, decrease in infanticide prior to partur- 
ition. 

There are numerous changes in the endocrine profile of 
female mice during pregnancy [38] that may be responsible 
for mediating changes in infanticidal behavior. The current 
finding that there is no effect of either ovariectomy or ad- 
renalectomy on infanticide argues against the hypothesis that 
steroid hormones are involved in directly inducing the in- 
crease in infanticidal behavior during pregnancy in wild 
female house mice, although interactive effects with other 
hormones, such as oxytocin and prostaglandins, are possi- 
ble. Given the findings with C57 female mice [15,35], it also 
cannot be ruled out that changes in steroid hormone concen- 
trations during pregnancy (for example, an increase in the 
concentration of circulating estradiol [2,19]) play a role (a- 
gain, likely interactive) in mediating the inhibition of infan- 
ticide that occurs at parturition in wild-type female mice. 

Oxytocin is a peptide hormone that is synthesized in the 
hypothalamus and secreted from the posterior pituitary into 
the circulation in response to suckling and vaginal-cervical 
stimulation [23,32]. As with other peptides once thought to 
operate only outside the CNS, recent studies have revealed 
that there is a widespread distribution of oxytocin-containing 
neurons within the brain [22]. In addition, there is some evi- 
dence for the direct release of oxytocin into the cerebrospi- 
nal fluid, and it has been proposed that hypothalamic pep- 
tides, such as oxytocin, might exert their behavioral effects 
via direct neural connections [8,31]. Intracerebroventricular 
administration of oxytocin has been found to induce mater- 
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nal behavior in ovariectomized, estrogen-primed rats of one 
domestic stock [9, 23, 24], but not others [4,30]. 

In the current study we found that a single subcutaneous 
injection of oxytocin was effective in inhibiting infanticide by 
pregnant females, and somewhat less effective in inhibiting 
infanticide by virgin females. There is evidence for oxytocin 
crossing the blood-brain barrier, and it has been reported 
that oxytocin injected subcutaneously can be detected in the 
cerebrospinal fluid within ten minutes of injection [20]. The 
behavioral changes observed in the present study after a 
systemic injection of oxytocin thus might have been due to a 
direct effect of oxytocin on the CNS (after crossing the 
blood-brain barrier), to stimulation by oxytocin of the re- 
lease of some other substance, or to stimulation of peripheral 
sensory receptors (and thus indirectly the brain). Further 
studies are required to distinguish between central and pe- 
ripheral effects of oxytocin in wild female house mice. 

There was a significant increase in the frequency of par- 
ental behavior exhibited by females after an oxytocin injec- 
tion, although the majority of the pregnant females left the 
pup untouched. Previous studies have indicated that the 
biological activity of oxytocin is influenced by the current or 
prior circulating concentrations of ovarian hormones; intra- 
ventricular injections of oxytocin failed to elicit maternal be- 
havior in rats in the absence of prior priming with estradiol [9, 
23, 24]. It has been proposed that one of the effects of the rise in 
estradiol and decrease in progesterone, which occurs in mice 
[2,19] as well as rats near term, is to increase the sensitivity 
of uterine and mammary tissues to oxytocin [33]. In this 
study we found that oxytocin was effective in inhibiting in- 
fanticidal behavior in pregnant females (throughout the last 
week of gestation) as well as in virgin females. These find- 
ings suggest that the increase in estradiol and decrease in 
progesterone near term might not play a major role in mod- 
ulating the effect of oxytocin in inducing parental behavior 
and inhibiting infanticide in wild female mice, although 
further studies to test this hypothesis directly are required. 

The biological activity of PGF has been extensively 
studied with regard to its luteolytic effects as well as its 
ability to interfere with implantation after conception [3, 5, 
25]. Once implantation has occured, administration of PGF 
can adversely affect the developing embryos [26] and may 
result in premature parturition [12]. In the present study sev- 
eral of the pregnant females treated with PGF were found at 
autopsy to have dead fetuses. Therefore, it is possible that 
the high percentage of PGF-treated pregnant females that left 
the pup untouched may have been the result of internal phys- 
iological events disrupting the normal behavior of the 
females rather than to the inhibition of infanticide by PGF 
per se. 

In the current study subcutaneous administration of PGF 
was effective in inhibiting infanticidal behavior in previously 
infanticidal pregnant females but was without effect in previ- 
ously infanticidal virgin females. There was no significant 
facilitation of parenting behavior observed in either the vir- 
gin or pregnant females receiving the PGF injection, which is 
in contrast to the facilitation of parental behavior observed in 
females receiving the oxytocin injection. Furthermore, the 
inhibition of infanticide after PGF injection decayed faster 
than after oxytocin injection. In a previous study utilizing 
rats, prostaglandin administered intraventricularly induced 
partial maternal behavior that had an early onset but did not 
persist [23]. 

It has been reported that both the oviduct and uterine 
response to PGF is dependent upon the endocrine status of 
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the animal, in particular, the steroidal environment to which 
these organs are exposed [12]. Again, we found PGF to be 
effective in inhibiting infanticide by pregnant females 
throughout the last 7 days of gestation but to be completely 
ineffective in inhibiting infanticide in previously infanticidal 
virgin females. This finding suggests that the endocrine en- 
vironment of pregnancy is required for PGF to elicit a behav- 
ioral response in female mice. The pregnant uterus synthe- 
sizes less PGF than either the psuedopregnant or nonpreg- 
nant uterus, and it has been proposed that the conceptus 
inhibits PGF production by the uterus as well [7]. 
Prostaglandin-metabolizing activity is also high in fetal 
membranes [11]. Thus, a picture emerges of blood titers of 
_PGF being low in pregnant females compared to virgin 
females, and then rising again near parturition due to release 
of the inhibitory effects of pregnancy on PGF synthesis and 
release. This picture of fluctuating PGF titers correlates well 
with the frequency of infanticide observed by females in var- 
ious reproductive states. About 60% of virgin females and 
60% of primiparous but nonpregnant and nonlactating 
females exhibit infanticide as compared to over 90% of preg- 
nant females, but virtually no female mice are infanticidal to- 
ward their own litters at parturition [16]. Thus, when PGF titers 
are at their lowest (during the second half of pregnancy), the 
frequency of infanticidal behavior is at its highest, and when 
PGF levels begin to rise (near parturition), infanticidal behav- 
ior is inhibited. Therefore, it is possible that the high fre- 
quency of infanticide by pregnant female mice is induced by 
low levels of PGF, and the inhibition of infanticide and ap- 
pearence of parental behavior at parturition may be the re- 
sult of increasing PGF titers, as well as oxytocin and other 
hormones (such as steroids). 

A positive interaction between PGF and oxytocin may 
occur in both the uterus and brain of parturient rats, and 
PGF may enhance the expulsion of the fetuses while oxyto- 
cin triggers the onset of maternal behavior [23]. The data 
presented here suggest that PGF and oxytocin might also 
interact to regulate infanticide and parental behavior in 
female mice. It has been reported that oxytocin results in the 
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release of PGF directly from the uterus and that intraven- 
tricular administration of PGF to lactating rats increases the 
firing rate of oxytocin-containing neurons in the paraven- 
tricular nucleus [1]. Similarly, PGF administration might re- 
sult in the release of oxytocin. Attempting to separate the 
independent effects of these two hormones on the behavior 
of female mice toward young is thus not possible based on 
the present experimental design, and the significance of the 
finding that oxytocin both induced parental behavior and 
inhibited infanticide, while PGF only inhibited infanticide in 
pregnant females, remains to be determined. 

There are also physical changes associated with parturi- 
tion that may play a role in determining the response of a 
female mouse toward pups. For instance, vaginal stimulation 
has been found to induce maternal behavior in sheep [13], 
and vaginal distension results in the release of oxytocin in 
goats [28]. However, in the current study we found a mod- 
erate amount of mechanical stimulation of the cervix of a 
pregnant female mouse to be without effect on infanticide. 

In conclusion, the results of this study indicate that re- 
moval of gonadal and adrenal hormones does not influence 
the exhibition of infanticidal behavior in adult, virgin wild- 
type female mice, but the occurrence of infanticide by 
females was influenced by exogenous administration of the 
hormones oxytocin and PGF. Oxytocin was effective in in- 
hibiting infanticide and facilitating parental behavior in both 
pregnant and nulliparous wild-type female mice. PGF, on the 
other hand, was only effective in inhibiting infanticide by 
pregnant females and did not induce parental behavior in any 
females. 
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CIGRANG, M., E. VOGEL AND R. MISSLIN. Reduction of neophobia in mice following lesions of the caudate- 
putamen. PHYSIOL BEHAV 36(1) 25-28, 1986. —Electrolytic lesions of the caudate-putamen result in a significant 
decrease in neophobic responses in mice towards a novel object introduced into their familiar environment; however, 
preference for a novel environment was not altered by the lesion. These data provide a parallel between the effects of 
lesions of the caudate-putamen and the well-known ‘‘amygdala-lesion-syndrome."’ It is suggested that the striatal com- 
plex, which receives massive afferent projection systems, plays a crucial role in sensory-motor integration processes which 
allow the animals to adapt their responses towards biological significant stimuli in order to cope with their environment. 
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THE striatal complex (caudate-putamen, nucleus accum- 
bens and olfactory tubercle) is traditionally considered to be 
primarily motoric in function (tonic and postural regulation, 
initiation and smooth execution of movement). However, 
the anatomy of the afferent and efferent striatal projections 
[6,10] and recent behavioral data [8, 9, 12, 18] suggest that 
the striatum might be able to affect the initiation of goal di- 
rected behaviors such as responses to novelty in the en- 
vironment. 

The term ‘‘neotic’’ behavior has been used to describe the 
entire range of responses to novel stimuli including explora- 
tion, neophobia, aggression and orientation [4]. For exam- 
ple, a novel object introduced in a familiar environment in- 
duces avoidance and burying responses (neophobia) in rats 
{1] and in mice [13]. Other authors demonstrated that rats 
[16, 17, 20], mice [19] and Mongolian gerbils [5] shocked 
once by a prod buried the shock prod with bedding material. 
When given the opportunity to freely move around in simul- 
taneously presented novel and familiar environments for 10 
min, rats or mice spend a greater amount of time in the novel 
compartment (novelty preference) [7,15]. However, in this 
latter situation, mice first display avoidance reactions and 
neophobia towards a novel environment before showing a 
significant preference for it. 

Bilateral electrolytic lesions of lateral and basolateral 
amygdaloid nuclei in mice produce a lack of defensive re- 
sponses towards novel stimuli, but do not affect their nectic 
preference [15]. Blanchard, Blanchard, Lee and Williams [3] 
reported that lesions in various portions of the striatum of 
wild rats sharply reduced the defensiveness of these animals 
to nonpainful stimuli. It is hypothesized that the striatal 
complex and its connections are important in sensori-motor 
integration, playing the role of an interface between the lim- 
bic system (mediating affect) and motor outputs. The present 
investigation attempts to study the behavioral effects of elec- 
trolytic lesions in the caudate-putamen on several neotic re- 
sponses in mice. 


METHOD 
Animals 


Forty adult male Swiss albino mice from our laboratory, 8 
weeks of age at the time of testing, were used. Prior to exper- 
imental training, they were housed five in a standard cage 
containing a constant supply of food pellets and water, and 
kept on a 12/12 light/dark cycle with lights on at 1 a.m. They 
were randomly divided into two groups of 20 each. One 
group received bilateral electrolytic lesions of the caudate- 
putamen, while the other served as sham-operated controls. 


Surgery 


All subjects were operated under clean but not aseptic 
conditions, using sodium pentobarbital anesthesia (50 
mg/kg). With the skull horizontal between bregma and 
lambda and using lambda as a landmark, electrodes were 
stereotaxically lowered to the caudate-putamen and the le- 
sions were made electrolytically with an anodal current of 2 
mA for a 15 sec duration. Two discrete bilateral lesions were 
placed in the putamen at +4.5 mm anterior to the lambda, +2 
mm lateral from the midline and —4.5 mm below the surface 
of the skull. The sham-operated subjects received the same 
treatment, except that the current was not delivered. After 
surgery, mice were immediately returned to their cage. 


Apparatus 


The apparatus consisted of a polyvinyl chloride box 
(30x20 20 cm), subdivided into six equal square explora- 
tory units, all communicating by small doors, and covered 
with Plexiglas. It could be divided into half lengthwise by 
three movable doors so that the middle openings could be 
opened or closed. The apparatus was kept on a stand in the 
room which housed the mice. During observations, the ex- 
perimenter, who was ignorant of the animal’s treatment, al- 
ways stood next to the box at the same place. 





C- Controls 


L = Lesioned 


NOVELTY PREFERENCE % 








10 Minutes 
FIG. 1. Mean percentages of the novelty preference in caudate- 
putamen lesioned mice (L) and sham-lesioned controls (C). Arrows 
show the moment after which mice displayed a significant prefer- 
ence for the novel compartment (sign test). 


Behavior 


The behavioral observations were carried out on day 7 fol- 
lowing surgical procedures. Approximately 24 hr before test- 
ing, each subject was placed in one half of the apparatus with 
the temporary partitions in place and was thus familiarized 
with one side of the apparatus. The floor of this half was 
covered with sawdust and the animal was given unlimited 
access to food and water. The next day, the subject was 
exposed to a novel object placed in the middle unit of the 
familiar compartment, the novel half remaining inaccessible. 
The object was a bakelite cylinder, 3 cm high and 3 cm in 
diameter. The animals were observed, in red light, for 10 min 
and the number of mice which showed distinct contacts with 
the object was recorded. Since in such a situation normal 
mice usually attempt to bury the object with sawdust, 
whether the animal was seen burying or not was also re- 
corded. 

Following this test, the object was removed and | hr later, 
each subject was simultaneously given access to the familiar 
and novel environments by removing the partitions. This 
procedure did not involve removing the subject from the 
box. The subject was then observed for 10 min. At the be- 
ginning of each 10-sec period indicated by a click from an 
electric timer, the half of the box occupied by the animal was 
noted. This parameter was called ‘‘novelty preference.’’ The 
time sampling method was used in order to quantify, minute 
by minute, the preference of the novel units. This parameter 
represents the number of times mice were observed at the 
top of the 10-sec periods in the novel half. The percentage of 
novelty preference is defined as the number of times the 
animals are seen in the novel compartment divided by the 
total frequency (number of times in novel and familiar half) 
times 100. Orientation reactions to the click were never ob- 
served. Furthermore, the total number of novel and familiar 
units entered by the subject was also recorded and defined as 
locomotor activity. Finally, the number of animals eating or 
self-grooming was recorded. 


Test of Olfaction 


Immediately after the test, all animals were placed in a 
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FIG. 2. The locus and extent of the damage in the caudate-putamen. 
cc=Corpus callosum, ca=commissura anterior, cd=nucleus 
caudatus, gp=globus pallidus, put=putamen, sept=septum. 


standard cage containing a cotton ball satured with 10% for- 
maldehyde. The number of distinct contacts with the cotton 
ball was recorded for five min. Normal mice strongly avoid 
the odor of formaldehyde. 


Histology 


After behavioral testing, each mouse was immediately 
sacrificed, the brain removed and submerged in 10% for- 
maldehyde for 48 hr. A frozen-section technique was used in 
order to obtain 50 ~m coronal sections of brain tissue from the 
posterior to the anterior portion of the lesions in order to 
localize the extent of the lesions. 


Statistical Analysis 


Novel object reactions. A Chi?-test was used to compare 
the number of mice in each group that showed distinct con- 
tacts with the novel object. The same test was used for the 
burying responses. 

Novelty preference. A sign test was applied to determine 
whether there was a preference for the novel compartment. 
Each animal was scored as plus or minus if it favored the 
novel compartment or the familiar one, respectively [11]. 
This test allowed us to determine at which time point each 
group significantly preferred the novel compartment. Fi- 
nally, in order to determine the effect of the lesion on the 
novelty preference over the ten minute test, a two-tailed 
Mann-Whitney U test was used. 

Locomotor activity. The significance of differences of lo- 
comotor activity between lesioned mice and controls was 
determined by an analysis of variance. 

Self grooming or eating. A Chi*-test was used to compare 
the number of mice that showed self-grooming or eating. 


RESULTS 
Behavior 


Responses to an novel object. Twelve of the 20 lesioned 
mice and 1 of the 20 controls contacted the novel object, 
Chi?= 13.78, p<0.001, whereas 9 lesioned mice and 17 con- 
trols buried it, Chi?=7.49, p<0.01. The caudate-putamen le- 
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sion significantly increased the number of mice which 
showed distinct contacts with the novel object and decreased 
the number of mice showing burying responses. 

Responses to familiar and novel environments. The per- 
centages of novel compartment preference in the lesioned 
and control mice are presented in Fig. 1. A sign-test revealed 
that control mice showed a significant (p<0.001) preference 
for novelty from the third minute on, while lesioned mice 
significantly (p><0.001) preferred the novel compartments 
from the second minute on. However, no significant differ- 
ences were found between the groups for the novelty prefer- 
ence over the 10 minute test. 

The total locomotor activity mean scores (+SEM) of 
lesioned mice (112.5+6.9) and controls (114.05+7.18) 
showed no significant differences between the groups for 
that measure (test of analysis of variance). Finally seven of 
20 lesioned mice stopped exploration and locomotor activity 
in order to self-groom or eat while the controls never did. 
Chi?=8.48, p<0.01. 


Histology 


Histological examination of brain sections revealed little 
variation in the extent of the lesions. Figure 2 shows the 
median average of the damage. In one mouse, a minor injury 
to the antero-dorso-lateral part of the caudate-putamen and 
to the corpus callosum was observed. 


Test of Olfaction 


Both control and lesioned mice showed a complete 
avoidance to the formaldehyde-saturated cotton ball. 


DISCUSSION 


Mice were exposed to a novel object introduced into a 
familiar environment and were exposed to a novel environ- 
ment. When exposed to a novel object, control mice showed 
avoidance and burying responses which can be considered as 
Species-typical defensive behavior in mice. In contrast, the 
caudate-putamen-lesioned mice contacted the novel object 
more frequently and showed less burying responses than 
controls. Furthermore, when given the opportunity to move 
around freely in simultaneously presented novel and familiar 


environments, control mice showed a significant preference 
for the novel compartment from the third minute on, while 
lesioned mice preferred novelty from the second min- 
ute on. Thus it would appear that the lesion had no signifi- 
cant effect on novelty preference except for a small effect on 
latency. Taken together, these data demonstrate that lesions 
of the caudate-putamen in mice result in a significant de- 
crease only in neophobic components of neotic behavior. 
Previous findings indicated that olfaction is the primary cue 
for detecting even nonsocial novelty in mice [14]. The results 
from the present test of olfaction strongly suggest that pri- 
mary sensory deficits are not involved in the present find- 
ings, since lesioned mice, like controls, showed a complete 
avoidance of the formaldehyde-saturated cotton ball. Fur- 
thermore, lesioned mice appeared to accurately recognize 
the significance of novelty, since they showed, like the con- 
trols, a significant preference for the novel environment. Nor 
does it seem that one can explain the decremental effects of 
caudate-putamen lesions on neophobia by an indirect action 
on locomotion, since lesioned mice and controls showed the 
same levels of locomotion. 

The present findings provide an interesting parallel be- 
tween the effects arising from lesions of the caudate- 
putamen and the well-known “‘amygdala-lesion syndrome.” 
Lesions of the amygdala [15] induce the same deficit in 
neophobic responses in mice as damage to caudate-putamen. 
Moreover, the present data are consistent with the finding 
that striatal lesions in wild rats strongly reduce their defen- 
sive responses [3]. The striatal complex receives multiple 
afferent projection systems [6]. It has been suggested that 
the caudate-putamen could be involved in a neural mech- 
anism which links exteroceptive sensory stimulation with the 
activation of normal responses, thus arousing animals to 
engage in adaptive behavior [2,9]. The appearance of re- 
sponses released by internal stimuli, such as eating and self- 
grooming that we observed in several lesioned mice strength- 
ens this hypothesis. Indeed, these behaviors are com- 
monly observed when animals have become habituated to 
novel areas or following bulbectomy and olfactory mucosa 
lesions [14]. This hypothesis is consistent with the recent 
view that animals with striatal damage “‘appear to be 
deficient in their ability to interface sensory input onto re- 
sponse systems’ [2]. 
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CORMARECHE-LEYDIER, M. The effect of an intraperitoneal injection of capsaicin on the thermopreferendum in the 
frog (Rana esculenta). PHYSIOL BEHAV 36(1) 29-32, 1986.—In 7 frogs (Rana esculenta) weighing 70 to 180 g, thermo- 
preferendum (Thp), measured by recording cutaneous temperature (Ts) in the animal placed in the warm end of an aqueous 
temperature gradient (0°C-40°C), equalled 25+2°C. After an intraperitoneal (IP) injection of 20 mg/kg of capsaicin, Thp was 
significantly decreased and equalled 3+ 1°C. The frogs then remained in the cold end of the gradient for 60 minutes. When 
the time of observation was extended to 3 hours, one frog died from hypothermia. Seven to 24 days after the capsaicin 
injection, Thp was still decreased in 4 surviving frogs (Thp=15+2°C). Capsaicin or isotonic saline solution injected in frogs 
maintained at 25°C ambient temperature had no effect on Ts or on cloacal temperature. According to results previously 
obtained in homeothermic species, small doses of capsaicin activated heat-loss responses in the frog. 


Capsaicin Ectotherm Thermopreferendum 


Temperature regulation 





SEVERAL authors have previously stated that in the rat, 
mouse and guinea-pig subcutaneous or intraperitoneal injec- 
tion of capsaicin produced significant changes in the thermo- 
regulatory responses related to the dose of capsaicin in- 
jected. Injections of small doses (0.5 to 20 mg/kg) were de- 
scribed as activating both autonomic and behavioral heat 
loss mechanisms such as salivary secretion or skin vasodila- 
tation. In addition, the rats were lying down, a position 
facilitating heat dissipation. The result was a drop of 4 to S°C 
in rectal temperature [1, 3, 10, 18, 19]. We wondered 
whether or not this substance would disturb temperature 
regulation in species in which only behavioral thermoregula- 
tory responses are available. In order to answer this ques- 
tion, we studied the thermoregulatory behavior in the frog 
Rana esculenta following the injection of a small dose of 
Capsaicin. 


METHOD 


Seven frogs weighing 70 to 180 g were used in the investi- 
gation. The frogs were housed in individual cages filled with 
(3 cm of water. The animals were fed daily using fly grubs. 


Temperature Gradient 


We studied the thermoregulatory behavior of the frog by 
recording its behavior in a temperature gradient (Fig. 1). The 





gradient consisted of a glass box measuring 2.5 m long, 0.2 m 
wide, 0.3 m deep, filled with 3 cm of tap water. In one end of 
the box, the temperature of the water was maintained at 40°C 
using an isolated electric heater completely immersed and 
linked to an adjustable rheostat. In the other end of the box, 
the water temperature was maintained at 0°C by circulating 
cooled ethylene-glycol in a copper coil, immersed in the 
water. In order to obtain a nearly linear thermal gradient, 
five perforated partitions were placed at regular intervals in 
the water permanently agitated with air bubbles. The box 
was emptied and cleaned, together with the equipment after 
each experiment. The frog was superficially anesthetized by 
cooling it in ground ice and a copper-constantan ther- 
mocouple was sutured to the skin of the abdomen while a 
second thermocouple was introduced 3 cm into the colon. 
Skin temperature (Ts), close to the surrounding water tem- 
perature, was accepted as the thermopreferendum (Thp) of 
the frog. Thp and colonic temperature (Tc) were con- 
tinuously recorded using a SEFRAM potentiometer recorder 
(accuracy+1°C). We used long flexible thermocouples in 
order to minimize any disturbance of the frog’s behavior. 


Capsaicin Solution 


The capsaicin solution was prepared by dissolving | g of 
natural capsaicin (purum natural, 8-methyl-N-vanillyl- 
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FIG. 1. Temperature gradient R=electric heater, Rh=rheostat, 
C=copper coil, B=ethylene-glycol bath, P=pump, 
Th=thermocouple, Rec=potentiometer recorder, Ts=skin tempera- 
ture, Tc=colonic temperature. 


trans-6-nonenamide) in 20 drops of ethyl alcohol. Tween 80 
was used to emulsify the preparation which was extended to 
10 ml using sterile isotonic saline. 


Measurement of Thermopreferendum 


The experiment was initiated by placing the frog in the 
warm end of the temperature gradient (time 0). We recorded 
Thp and Yc during the following 60 to 90 minutes. This time 
was necessary for the animal to select its preferred water 
temperature. Care was taken to avoid noise and disturbance 
in the experimental room. At the end of the 60 to 90 minutes 
necessary to establish Thp, the frog was gently removed 
from the temperature gradient and received 20 mg/kg of cap- 
Saicin in a single IP injection. The animal was then im- 
mediately replaced in the gradient at the very same location 
from which it was previously removed. We recorded Ts and 
Tc during the following 60 minutes. For one frog, the obser- 
vation was extended to 3 hours. In order to see whether or 
not capsaicin has a prolonged effect on thermoregulatory 
behavior, we measured Thp in 4 frogs, using the same exper- 
imental protocol, 7 to 24 days after the capsaicin treatment. 
In order to see whether or not intraperitoneal injections of 
Capsaicin could have an effect on Ts and Tc on frogs main- 
tained at their preferred ambient temperature, we recorded 
Ts and Tc in 2 frogs weighing 50 and 78 g during 40 minutes 
following the IP injection of 20 mg/kg of capsaicin performed 
in their individual cages at 25°C. We repeated the same ex- 
periment on the same animals using equal volumes of 
isotonic saline solution. 


RESULTS 


All the frogs survived the single IP injection of capsaicin. 
Time of survival was similar to that of control frogs kept in 
the laboratory. It was included between day 5 and day 49 
following the capsaicin injection. On day 49, the experiment 
was terminated and 2 surviving animals were used for com- 
plementary investigation. 

Figure 2 is a typical result. As previously mentioned, the 
frog was placed at time 0 in the warm end of the temperature 
gradient. This figure shows that, after 40 to 85 minutes, the 
Thp of the frog was established between 26 and 27°C. The 
injection of capsaicin was then performed 85 minutes after 
start of the experiment. Three minutes later, the frog moved 
towards the cold end of the temperature gradient. Twenty to 
70 minutes after the injection, Thp oscillated between 3 and 
6°C. In some experiments, the frog climbed on the blocks of 
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FIG. 2. Effects of an acute intraperitoneal (IP) injection of capsaicin 
(20 mg/kg) on the thermopreferendum represented by skin tempera- 
ture Ts (——) and on colonic temperature Tc (— —) in a frog placed 
at time 0 in a temperature gradient. C|=capsaicin is injected. 
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FIG. 3. Location of 7 frogs in the temperature gradient before being 
injected with capsaicin (white columns) and 60 mn after an acute IP 
injection (20 mg/kg) (dotted columns). 


ice which were formed in the cold end of the gradient and got 
frozen feet. We had to push it off gently in order to prevent 
death from hypothermia. In the 7 frogs used in the investiga- 
tion, Thp was established between 20°C and 31°C, 60 mn to 
90 mn after introducing the frog into the temperature gra- 
dient (Fig. 3). The mean value (Thp+S.E.) was 25+2°C. In 
all the frogs, the capsaicin injection was followed by a pro- 
longed decrease in Thp. Sixty minutes after the injection, the 
range of Thp in the 7 frogs was 0-8°C and the mean value 
Thp+S.E. equalled 3+1°C. It had decreased significantly 
(p<0.001, Student’s t-test). Locomotion towards the cold 
end of the temperature gradient occurred 1 to 25 mn after the 
injection. The mean average time was 5 mn 30 sec. No frog 
left the cold part of the temperature gradient during the 60 
mn following the capsaicin injection. When the observation 
time was extended to 3 hours, the frog was found dead due to 
hypothermia in the cold end of the temperature gradient. 
Seven to 24 days after the capsaicin injection, Thp was still 
decreased in 4 surviving animals and equalled 15+2°C 





CAPSAICIN AND THERMOPREFERENDUM IN THE FROG 


TABLE 1 


THERMOPREFERENDUM IN 4 FROGS BEFORE BEING INJECTED 
WITH CAPSAICIN AND N DAYS AFTER AN ACUTE IP INJECTION 
(20 mg/kg) 





Thermopreferendum 
(°C) 
before capsaicin 
injection 


n days after 
capsaicin injection 





22 20 n=7 
25 12 n=24 
21 15.5 n=14 
20 12 n=13 





(p<0.001, Student’s t-test, Table 1). In the 2 frogs main- 
tained at 25°C ambient temperature, the IP injection of 20 
mg/kg of capsaicin or of isotonic saline solution at the same 
volume had no effect either on Ts or on Tc, and did not 
change the behavior of the frog. The experimental records 
obtained in one frog are shown in Fig. 4. 


DISCUSSION 


The use of an aqueous temperature gradient enabled us to 
demonstrate that, in the 7 frogs used, the mean thermo- 
preferendum was equal to 25°C. This result is very close to the 
data found in literature dealing with the frog in its natural 
environment [14,20] or in laboratory studies [2, 6, 15]. In our 


experiments, the use of a transparent temperature gradient 
eliminated the thigmotactism which might interfere with the 
thermoregulatory behavior of the animal. 

The frogs change of position in the temperature gradient 
is probably influenced by cutaneous and central thermal 
signals. In the case of our animals anesthetized by cooling in 
ground ice, cutaneous and cloacal temperatures at the be- 
ginning of the experiment were of the order of 10°C. Figure 2 
shows that the animal, when put into the warm end of the 
box, could endure a cutaneous temperature of almost 36.5°C 
for about 40 minutes while its internal temperature remained 
below this. When cloacal temperature reached 37°C, a ‘‘crit- 
ical’’ temperature threshold demonstrated in several species 
of frogs [5, 11-13], the frog moved on to cooler parts of the 
temperature gradient. This result demonstrates the impor- 
tance of the internal thermal signals in triggering thermoregu- 
latory behavior, as already been shown in Rana esculenta 
[2,6] and in other ectothermic species such as the lizard 
[8,16] or the fish [4,7]. 

In all the frogs used, the injection of 20 mg/kg of capsaicin 
resulted in the animal changing position towards the cold end 
of the temperature gradient thus lowering the internal tem- 
perature considerably. The absence of any effect of cap- 
saicin on the two frogs which were kept in their cages at 25°C 
emphasizes the importance of the behavioral response in the 
thermoregulatory function in this species. The latent period 
observed before the frog reacted (in average 5 mn 30 sec) 
rules out the effect of pain on the animal’s escape behavior. 

The behavior shown by our frogs is similar to the results 
obtained by Cabanac and Jeddi [2] and Duclaux et al. [6] in 
animals of the same species. These authors warmed the abdom- 
inal cavity and the spinal canal respectively in Rana esculenta. 
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FIG. 4. Evolution of Ts and Tc in one frog maintained at 25°C 
ambient temperature. C=IP injection of 0.15 ml of a 10 mg/ml 
capsaicin solution, NaCl=IP injection of 0.15 ml of an isotonic saline 
solution. The frog weighed 78 g. 


In both cases, the rise in internal temperature led to the 
animal’s moving towards the cool end of a temperature 
gradient, thus demonstrating the existence, in the frog, of 
internal thermosensitivity to heat leading to thermoregula- 
tory behavior. In our frogs, it is likely that capsaicin ac- 
tivated these thermosensitive receptors and was responsible 
for introducing corrective behavioral responses leading to 
cooling of the frog. This interpretation is consistent with 
results already observed in homeotherms treated with cap- 
saicin: in the rat, the guinea-pig or the mouse, subcutaneous 
or intraperitoneal injections of small doses of capsaicin (1 to 
30 mg/kg) activated autonomic thermolytic responses [10,18] 
and decreased metabolic heat production [9,17]. Moreover, 
the rats took up a spread out position which increased heat 
loss [1]. The result was a sharp drop in internal temperature 
which may even reach 4 to 5°C, 40 to 60 minutes after the 
injection [3] followed by slight transient hyperthermia [10,19] 
and then progressive return to normal temperature. In the 
frog, the hypothermic effect of a small dose of capsaicin was 
more important than in homeothermic species mentioned 
above, since the intraperitoneal injection of doses compara- 
ble with those used in the rat, the guinea-pig and the mouse, 
led to a mean cloacal temperature drop of 22°C. This effect 
was also longer-lasting, since no frog moved to the tempera- 
ture zone corresponding to its previous thermopreferendum 
in the hour following the injection, nor after 3 hours’ obser- 
vation. The mean thermopreferendum was still significantly 
lower 7 to 24 days after the injection of capsaicin. In 
homeotherms, the hypothermic effect of small doses of cap- 
saicin is transistory and it is doubtless lessened by the au- 
tonomic thermogenetic reactions triggered by the lowering of 
the internal temperature. Such mechanisms are absent in the 
frog, and this may explain the important variations in inter- 
nal temperature. The apparatus used in this experiment may 
also account for this phenomenon, the frogs becoming 
lethargic through contact with the ice. However, Cunning- 
ham and Mullualy [5] have shown that Rana esculenta can 
tolerate water at near 0°C temperature for periods up to sev- 
eral hours. 
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VASUDEV, R., C.G. GENTIL AND M. R. COVIAN. Intraseptal microinjections of carbachol and angiotensin II in rats: 
Effects on taste preferences. PHYSIOL BEHAV 36(1) 33-39, 1986.—The present study examined the effects of carbachol and 
angiotensin II injected into the medial and lateral septal areas (MSA and LSA) on the ingestion of primary taste solutions in a free- 
choice situation. The injection of carbachol or angiotensin II into MSA and LSA of water sated rats evoked a preference for the 
sweet tasting saccharin solution and water. The lateral septal rats also preferred acetic acid solution. Only the total fluid 
intake differed significantly among the four groups. In the water deprived rats injection of chemical to the respective groups 
induced the ingestion of NaCl solution. The MSA rats on injection of carbachol also preferred saccharin apart from NaCl. 
There was a significant difference in the NaCl intake among the four groups. The quinine solution was not consumed by all 
the groups. These results indicate that both the carbachol and angiotensin II induce the ingestion of saccharin, NaCl and 
water. The MSA might be more sensitive in inducing NaCl intake as compared with LSA during deprivation schedule and 
cholinergic stimulation. The LSA also evokes a preference for the sour tasting acetic acid. Furthermore, the data also 


suggest that the neurons sensitive to angiotensin are more potent than cholinergic neurons of LSA in producing salt 


preference. 


Septal area Carbachol Angiotensin II 


Taste preference 





AMONG the limbic structures, septal area has an important 
role in ingestive behavior. Lesions of the septal area induce 
hyperdipsia [5, 22, 24, 27, 30, 32], the cause of which is not 
very clear and remains to be elucidated. Rats become finicky 
after septal lesions [3, 4, 7] and the lesioned rats also in- 
crease the intake of sodium chloride solution [8, 20, 27]. 
Electrical stimulation of this area inhibits drinking [30,31] 
and this inhibition is specific to NaCl intake [19,30]. 
Cholinergic stimulation of septal area elicits drinking 
[13,14]. Carbachol induced drinking is preferential to water 
than NaCl solution [1]. Administration of angiotensin II (A 
II) into septal area also induces drinking [13] and this effect is 
also preferential to water than NaCl [10]. The literature on 
preferences of primary taste substances with intraseptal 
chemical injections is scarce. In contrast, lesion studies have 
utilized different taste substances like sweet, salt and bitter. 
The chemical injection studies of septal area have utilized 
only salt and water for ingestion [1,10]. Sour tasting solu- 
tions have never been used in previous studies. We therefore 
chose to use saccharin, NaCl, acetic acid and quinine repre- 
senting all the primary tastes; specifically saccharin was 
chosen to avoid the metabolic consequences after ingesting 
sweet tasting sucrose solution. The purpose of the experi- 
ments reported here was to investigate the effect of 
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intraseptal injections of carbachol and angiotensin II on taste 
preferences in a free-choice situation. 


METHOD 
Subjects 


Adult male albino rats of the Wistar strain, weighing be- 
tween 250-300 g at the start of the experiment were used. All 
animals were housed in individual cages and had free access 
to chow and water for five days prior to surgery. 


Surgery and Histology 


The animals were anaesthetized with sodium pentobarbi- 
tal (40 mg/kg, IP) and a stainless-steel cannula (o.d. 0.71 mm; 
length 10 mm) was stereotaxically implanted into the medial 
and lateral septal areas according to De Groot’s atlas [12]. 
The coordinates utilized were as follows: (a) for 30 rats in 
MSA, A, 7.4 to 8.6; L, 0.0, V, 0.0 to +2.0; (b) for 30 rats in 
LSA, A, 7.0 to 8.6; L, 0.5 to 0.7; V, +1.0 to +2.8. Each 
cannula was provided with a stainless-steel ‘‘dummy probe’”’ 
to prevent the obstruction of the guide cannula. After seven 
days of recuperation from surgery the animals were tested 
for ingestive behaviors with chemicals. 


2At present: Department of Physiology, The Kasturba Medical College, Mangalore-575 001, India. 
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FIG. 1. The diagrammatic representation of cannula sites, stimulated with carbachol in the 


medial and lateral septal areas. 


Following test procedure 0.5 ul of Evans blue was in- 
jected through the same cannula and the animals were sac- 
rificed under ether anaesthesia. The brains were removed 
and stored in 10% formalin. Histological verification of can- 
nula sites was carried out according to the technique of 
Guzman-Flores et al. [21]. 


Procedure for Intracranial Injection of Chemicals 


A dental stainless-steel cannula (o.d. 0.31 mm; length 10.0 
mm) with polyethylene tubing (PE-10) was connected to 10 
ul Hamilton microsyringe. The dummy probe was replaced 
by injector cannula and the chemical was injected by hand 
for a duration of approximately 10 sec. The volume of solu- 
tion during one injection was always 0.5 yl. A total of two 
injections of vehicle and chemical was accomplished, that is, 
one during deprivation and another in the course of non- 
deprivation schedules. The interval between two injections 
of chemical was 9 days. 


Chemicals and Solutions 


Carbamy!l choline chloride (Carbachol, Sigma) and 
isoleucine’ angiotensin II amide (synthetized at Escola 
Paulista de Medicina, Sao Paulo) were used for intracranial 
injections. The chemicals were dissolved in the artificial 
cerebrospinal fluid [25], which was used as vehicle. The con- 
centration of solutions injected were, 0.5 wg of carbachol 
[26] in 0.5 wl and 5 ng of angiotensin II [13] in 0.5 pl. 

The solutions used for measuring the ingestion after intra- 


cranial injections were, NaCl (0.17 M), sodium saccharin 
(4.2 mM), acetic acid (1.0 mM) and quinine sulfate (67 4M). 
All solutions were prepared in distilled water. 


Test Procedure 


The 30 rats of MSA and 30 rats of LSA were divided into 
two groups of 15 each. One group of 15 received carbachol 
and for the other group of 15 angiotensin II was adminis- 
tered. 


Non-Deprivation Schedule 


Seven days following surgery the rats were allowed to 
adapt to the test chamber with five tubes for two days and 
they were handled by removing and replacing the dummy 
probe. On the third day, 0.5 ul of artificial cerebrospinal fluid 
(ACSF) was administered and placed in the chamber con- 
taining five tubes filled with water and solutions of NaCl, 
saccharin, acetic acid and quinine for a period of 1 hr. At the 
end of this period, the intake of water and solutions were 
measured to the nearest 0.5 ml. On the fourth day carbachol 
and angiotensin II were administered to the respective 
groups and the intake of water and solutions were measured 
during | hr period. 


Deprivation Schedule 


The same rats were deprived of water for 23 hr, but not 
food. Following 23 hr, during 1 hr period they had access to 
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FIG. 2. The diagrammatic representation of cannula sites, stimulated with angiotensin II 


in the medial and lateral septal areas. 


water and solutions mentioned above. At the end of the hour 
the intake was measured. This procedure was repeated for 
seven days. On the eighth day ACSF was administered and 
the intake was measured during | hr. On the ninth day car- 
bachol and angiotensin II were injected to the respective 
groups in the medial and lateral septal areas and the intake 
was measured. 


Statistical Analysis 


Comparisons of the intake of each tastent solution and 
water after the injection of ACSF and chemical in each group 
were made using the Wilcoxon matched-pairs signed-ranks 
test [29]. The Kruskal-Wallis One Way Analysis of Variance 
[29] was used for overall group comparisons of the intake of 
each solution and water. Paired group comparisons of the 
intake measures and the histological coordinates of MSA and 
LSA groups were analyzed using the Mann-Whitney U Test 
[29]. For analysis of variance and Mann-Whitney U Test, the 
difference between intakes after ACSF and carbachol or A 
II of each solution was used. The actual p values are shown 
in the results. 


RESULTS 
Histology 


The sites in MSA and LSA stimulated with carbachol are 
shown in Fig. 1 and those with A II are shown in Fig. 2. 
Comparisons of the coordinates of sites treated with car- 


bachol or A II in MSA and LSA were not statistically differ- 
ent. There was no difference in the antero-posterior (AP) 
coordinates of MSA and LSA stimulated with carbachol 
(Fig. 1) but the lateral and vertical coordinates were signifi- 
cantly different (p><0.001, for both). Similarly AP and verti- 
cal coordinates of MSA and LSA treated with A II were not 
different, but the lateral coordinates differed (p<0.000). 
Hence the intake measures of carbachol and A II groups 
were combined for analysis. Since there was not much of a 
difference between MSA and LSA sites except for the lateral 
coordinates, the intake measures were also combined for 
analysis. The photograph (Fig. 3) shows the site of chemical 
injection in a representative animal. 


Fluid Intake by Water Sated Rats 


Figure 4 shows average fluid intake by different groups of 
rats after the injection of ACSF and carbachol or A II into 
MSA and LSA. Overall differences among the four groups 
for water, NaCl, saccharin and acetic acid intake were not 
significant. The total fluid intake was significantly different, 
H(3)=8.56, p<0.05. Paired group comparisons of total intake 
by LSA rats treated with carbachol or A II revealed a signif- 
icant difference (Mann-Whitney U Test: p<0.01), indicating 
higher ingestion by rats stimulated with A II than those with 
carbachol. Similarly, when compared with the total intake of 
Fig. 4A and D, there was a significant difference (p<0.025), 
showing that the A II treated rats ingest more than the car- 
bachol stimulated group. There was no difference in the in- 
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FIG. 3. The photograph shows the site of chemical injection in a representative 


animal. 


gestion of water and tastent solutions of MSA rats treated 
with carbachol or A II (Fig. 4A and C). The carbachol or A II 
groups of LSA (Fig. 4B and D) showed no difference in 
saccharin and acetic acid intake. The water intake of these 
groups was significantly different (p> <0.025), suggesting that 
the A II is more potent than carbachol in provoking inges- 
tion. The MSA and LSA groups stimulated with carbachol 
showed no difference (Fig. 4A and B). There was a marked 
ingestion of water and acetic acid by LSA animals compared 
to MSA animals treated with. A II (p<0.041 and p<0.05, 
respectively) and there was no difference in the ingestion of 
other tastent solutions. 

Ingestion of water, saccharin and total fluid increased 
significantly after the injection of carbachol into MSA com- 
pared to ACSF injection as shown in Fig. 4A (Wilcoxon 
Test: p<0.025, T=0, N=6; p<0.005, T=0, N=10; p<0.005, 
T=0, N=11; respectively). The cholinergic stimulation of LSA 
compared to ACSF raised markedly the water and saccharin 
ingestion (p<0.005, T=0, N=10 and p<0.005, T=0, N=12, 
respectively) and the acetic acid and total fluid intake also 
augmented (p<0.025, T=0, N=6 and p<0.005, T=0, N=15, 
respectively). Figure 4C shows a significant increase in sac- 
charin and total fluid intake after A II was injected into MSA 
compared to vehicle injection (p<0.01, T=0, N=7 and 
p<0.005, T=0, N=8, respectively). A marked increase in 
water and total fluid intake (p<0.005, T=0, N=8, for both) was 
observed after stimulation of LSA with A II, saccharin inges- 
tion also raised significantly (p<0.025, T=1, N=7). 


Fluid Intake by Water Deprived Rats 


The mean value of each tastent solution and water in- 
gested after the injection of ACSF and carbachol or A II into 
MSA and LSA are shown in Fig. 5. The NaCl intake signifi- 
cantly differed among the four groups, H(3)= 14.34, p<0.01, 
and there was no difference in the ingestion of other tastent 
solutions and water. The group comparisons between MSA 
and LSA treated with carbachol indicated a higher NaCl 
intake by MSA rats than LSA group (p<0.05). Also LSA rats 
stimulated with A II consumed more NaCl solution com- 
pared to the carbachol treated rats (p<0.01). When we com- 


pare the NaCl intake of Fig. 5B and C, the MSA animals con- 
sumed more than LSA animals (p<0.01). The total fluid intake 
of MSA animals was more than the LSA animals treated with 
carbachol (p<0.025). Similarly, the A II treated LSA rats 
consume more total fluid compared to carbachol stimulated 
rats (p<0.05). There was no significant difference in the in- 
gestion of water and other tastent solutions among other 
groups compared. ‘ 

The carbachol injected into MSA compared with ACSF 
(Fig. SA), provoked an increase in NaCl (p<0.005, T=0, 
N=8), saccharin (p<0.01, T=6, N=11) and total fluid intake 
(p <0.005, T=1, N=11). The cholinergic stimulation of LSA 
induced an increase in water (p<0.025, T=1, N=7) and total 
fluid ingested (p<0.005, T=16, N=15). Comparisons of A II 
and ACSF injections into MSA and LSA groups produced a 
raise in the NaCl (p<0.025, T=0, N=6, for both groups) and 
total fluid ingested (p<0.005, T=0, N=8, for both groups). 
There was no difference in the acetic acid ingestion and 
quinine was not consumed by all the groups. 


DISCUSSION 


The results of the present study showed no difference in 
the intake of water and tastent solutions among the four 
groups, except for the total fluid consumption during non- 
deprivation schedule. Paired group responses indicate that 
water and acetic acid intake by LSA rats is greater than MSA 
rats treated with A II. Similarly, the A II induced water and 
total fluid intake are much higher than carbachol induced 
ingestion, suggesting that A II is a more potent dipsogenic 
agent than carbachol. The quinine solution was not con- 
sumed by any group, because of the negative hedonic cue. 
Intragroup ingestion of saccharin increased in all the groups, 
probably because of the sweet taste. Although the NaCl in- 
take increased in all the groups, it was not significant. The 
carbachol and A II did not systematically affect the ingestion 
of water, saccharin and acetic acid by medial and lateral 
septal groups, during deprivation schedule. The NaCl intake 
differed considerably among the four groups. It seems A II is 
responsible for NaCl intake of lateral septal rats than car- 
bachol. The medial septal rats respond to both carbachol and 
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FIG. 4. Mean+SEM intake of water and fluids by rats after injection of artificial cerebrospinal fluid 
(ACSF), carbachol and angiotensin II (A II) into medial and lateral septal areas. Abbreviations: 
W=water; Na=NaCl; S=saccharin; AA=acetic acid; Q=quinine; TI=total intake; N=number of 
animals; *p<0.025; **p<0.01; ***p<0.005. 
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FIG. 5. Mean+SEM intake of water and fluids by rats after injection of artificial cerebrospinal fluid 
(ACSF), carbachol and angiotensin II (A II) into medial and lateral septal areas. Abbreviations as in 
Fig. 4. *p<0.025; **p<0.01 and ***p<0.005. 
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A II by ingesting NaCl solution. It appears that the MSA is 
more potent in provoking salt intake than the LSA. 

Both carbachol and A II provoke preferential ingestion of 
saccharin and water instead of NaCl solution during non- 
deprivation schedule. These results complement the previ- 
ous work from this laboratory which shows that the adminis- 
tration of carbachol or A II into septal area elicits preferen- 
tial ingestion of tap water than NaCl solution [1,10]. The 
electrical stimulation of MSA or LSA specifically inhibits 
NaCl intake [19,30] while a lesion of these areas provokes a 
contrary effect [8, 20, 27, 30]. The medial septal cholinergic 
neurons are more responsive than lateral septal cholinergic 
neurons in provoking NaCl intake, as evidenced from depri- 
vation schedule. Apparently the A II sensitive neurons are 
more potent than cholinergic neurons of LSA in inducing 
NaCl intake, whereas in MSA both cholinergic and A II 
neurons induce NaCl ingestion. The preference for NaCl was 
much stronger during deprivation schedule and it appears 
that MSA is more potent in arousing salt intake than LSA. 
This stronger preference for NaCl is probably due to an in- 
crease in the circulating plasma angiotensin. It has been re- 
ported that the water deprivation increases the angiotensin 
level in the plasma [23] and the pre-existing hypovolemia 
augments the effect of angiotensin on sodium appetite [16]. 
Intracerebroventricular infusion of A II produces a strong 
sodium appetite in the rat [2, 6, 17]. Fluharty and Epstein 
[18] have shown that the addition of systemic DOCA to con- 
tinuous intracerebral infusions of A II markedly increases 
sodium appetite. They suggest that A II defends sodium ho- 
meostasis both by stimulating the release of aldosterone and 
thereby promoting renal conservation, and by interacting 
with aldosterone in the brain to arouse sodium appetite. 
Zhang et al. [34] have complemented this study recently by 
suggesting the synergy hypothesis for the arousal of sodium 
appetite, that is, sodium depletion increases angiotensin 
which releases aldosterone and both hormones acting at 
physiological levels then arouse the brain’s avidity for salt. It 
is well known that systemic administration of aldosterone 
provokes sodium appetite [33]. Thus, in the present study, 
during deprivation schedule the increased level of plasma 
angiotensin which releases aldosterone and both the hor- 
mones might be interacting in the brain to arouse salt appe- 
tite. 

The mechanism of action of angiotensin is still contro- 
versial. The action of angiotensin is not mediated through 
cholinergic, adrenergic, nor-adrenergic or triptaminergic 
pathways [10] and it may act directly on the angiotensin 
sensitive receptors in the septal area [28]. Angiotensin in- 
duced drinking depends on the integrity of catecholaminergic 
neurons in the preoptic region [15], and it might influence 
sodium appetite by interacting with norepinephrine, possibly 
mediated through a-adrenergic receptors [9]. Hence, in the 
septal area A II may be acting directly on angiotensin recep- 
tors or through catecholaminergic neurons to induce the in- 
gestion of tastent solutions and water. 
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The fact that some of the other rats did not respond to A 
II in medial or lateral septal areas, could be explained with 
the hypothesis of Cox and Valenstein [11], that is, there 
exists a prepotent tendency in individual animals which is 
responsible for not obtaining the effects by stimulating the 
same sites of central nervous system in different rats. The 
possibility that the 5 ng dose of A II was too low could be 
discarded because the ones which responded with this dose 
were drinking between 8 and 15 ml of fluids during non- 
deprivation schedule. Even these rats which responded were 
not showing a significant appetite for salt, as only four of the 
eight drank salt solution during water sated condition. It has 
been reported that angiotensin itself produces an appetite for 
water but it does not generate appetite for salt at doses of 60 
ng [34]. Thus, in the present study, the dose of A II was too 
low to provoke salt appetite, but the dose was sufficient 
enough to evoke dipsogenic effect. 

In most of the studies involving septal area with electrical 
or chemical stimulation, only salt and water intake have been 
investigated [1, 10, 19], but with lesion studies there are 
reports on salt, sweet, sour and bitter taste modalities [4, 7, 
30]. Hitherto, sour taste has not been investigated with 
reference to septal area. The present results show that both 
during deprivation and non-deprivation, carbachol and A II 
provoke saccharin intake and quinine was not consumed by 
all the groups. This is probably due to the positive and nega- 
tive hedonic value of saccharin and quinine respectively, in 
the free-choice situation. The free-choice situation may 
produce effects of its own that are not obtained in standard 
two-bottle preference tests between a solution and water. 
The fact that there was no quinine intake is quite likely due 
to the suppression of intake by a contrast effect mechanism 
since the animals are able to compare the quinine with the 
sweet taste of saccharin, a comparison that would not be 
possible in the usual two-bottle tests. The present results 
also show that non-deprived lateral septal rats prefer acetic 
acid solution. In another study we found that total or lateral 
septal lesioned rats prefer acetic acid and the electrical 
stimulation of LSA has no inhibitory effect on acetic acid 
intake and the animals continued to consume same amount 
of acetic acid compared to control [30]. Possibly sour tastes 
are affected differently than bitter tastes by contrast mech- 
anisms. Another possibility is the existence of excitatory 
neurons in LSA for sour taste and it is a remote possibility 
because the lesion of this area also induces preference for sour 
taste. The present findings suggest that the cholinergic or A 
II stimulation of MSA or LSA induces ingestion of sweet and 
salt substances apart from water. The MSA is more respon- 
sive than LSA for salt ingestion and LSA also provokes in- 
gestion of sour tasting substances. 
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DiIBATTISTA, D. Voluntary ethanol consumption and obesity in golden hamsters. 36(1) 41-45, 1986.—Adult male 
golden hamsters with continuous access to Purina chow, water and either 15, 30 or 45% ethanol (v/v) for 14 weeks derived 
an average of 34, 37 and 22%, respectively, of their total calories from ethanol. Animals in the 15 and 45% ethanol groups 
derived up to 12.0 and 9.9 kcal/day, respectively, from ethanol, but the Purina chow intakes of these animals were such that 
their total caloric consumption and their body weights did not significantly exceed those of a control group having access 
only to Purina chow and water. In contrast, the 30% ethanol group derived up to 16.4 kcal/day from ethanol, and 
consistently consumed 25% more total calories than the control group, despite eating significantly less Purina chow. 
Furthermore, hamsters in the 30% ethanol group were 27% heavier and had significantly larger epididymal and re- 
troperitoneal fat pads than controls. Similarities are noted between ethanol-induced obesity in hamsters and the dietary 
obesity which has been observed in rats having continuous access to Purina chow and a 32% sucrose solution. 


Golden hamsters Ethanol Obesity 





UNLIKE most laboratory animals, golden hamsters prefer 
ethanol solutions to water at concentrations of up to 25% [7] 
and voluntarily consume substantial amounts of ethanol 
even at concentrations of up to 40% [2,17]. Indeed, the ham- 
ster’s rate of spontaneous ethanol consumption far surpasses 
that observed in other species, often exceeding 15 g/kg of 
body weight/day [13,17]. Despite this remarkable rate of 
consumption, prolonged ethanol intake by hamsters does not 
produce either the behavioural symptoms of tolerance and 
dependence [8,17] or the physiological effects upon the liver 
typically observed in the other species [8]. The hamster’s 
apparent immunity to the deleterious effects of chronic 
ethanol consumption seems to be due to its high level of 
alcohol dehydrogenase activity in the liver and its high blood 
ethanol elimination rate in vivo [13, 22, 24]. 

Most studies of hamster ethanol consumption have fo- 
cused either upon biochemical aspects of ethanol consump- 
tion and their relationship to alcohol addiction (e.g., [8, 13, 
22, 24]) or upon the nature of the hamster’s choice of ethanol 
with respect to other solutions (e.g., [1, 2, 5, 7, 21]). How- 
ever, little information is available concerning the relation- 
ship between ethanol consumption and food intake in this 
species. It has long been recognized that the caloric value of 
ethanol, apart from its pharmacological properties, can in- 
fluence food consumption. In rats, for example, the avail- 
ability of ethanol solutions at concentrations of up to 26%, in 
addition to water and a nutritionally adequate diet, did not 
cause an increase in either total caloric consumption or in 
body weight over a two month period [9]. Nor were effects 
on total caloric consumption and body weight observed 
when rats were given ethanol solutions in concentrations of 
up to 24% as their only source of fluid [19,20]. The pattern in 
rats thus seems to be that the availability of ethanol as a caloric 


source does not lead to increases in either total caloric con- 
sumption or body weight. 

In the one study in which both food and ethanol intakes of 
hamsters have been recorded, male hamsters given various 
concentrations of ethanol derived substantial proportions of 
their total calories from ethanol, but maintained a constant 
total caloric intake over 28 days [16]. Given this observation 
that total caloric intake of hamsters is apparently unaffected 
by ethanol availability, it is surprising that Harris er al. [8] 
found that male hamsters with access to food, water and 15% 
ethanol for about seven weeks gained almost twice as much 
weight as control animals. However, this finding was inci- 
dental to the main purpose of their study, and these experi- 
menters did not collect data concerning either food con- 
sumption, total caloric consumption, time course of the 
weight gain, nature of the excess weight gain (increased 
linear growth vs. increased fat deposition), or the possible 
importance of ethanol concentration upon the degree of 
weight gain. The present experiment was performed both to 
replicate the finding of Harris et al. [8] concerning excess 
weight gain in ethanol-consuming hamsters and to investi- 
gate the origin and nature of this weight gain. 


METHOD 


Subjects were adult male golden hamsters (Mesocricetus 
auratus; Lakeview, outbred) obtained from Charles River 
Canada, St. Constant, Quebec, and weighing 94-127 g 
(Mean=112 g) at the start of the experiment. Animals were 
housed individually in hanging wire cages (25x 18 15 cm) in 
a room with lights on from 0800 to 2200 hr and a temperature 
of 21-23 degrees Celsius. All hamsters had free access to 
Purina Rat Chow 5012-7 and to tap water throughout the 
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TABLE 1 


BODY MEASUREMENTS OF HAMSTERS HAVING CONTINUOUS ACCESS TO PURINA CHOW 
AND ETHANOL SOLUTIONS 





Naso-anal 


Group Length (mm) (g) 


Kidneys 


Retroperi- 
toneal 
Fat (g) 


Testes Epididymal 
(g) Fat (g) 





174.5 
+i:S 


75.5 
+3.7 
175.7 
+3.5 


177.0 
+1.6 


1.12 
+0.03 


1.18 
+0.05 


1.25 
+0.04 


1.19 
+0.04 


Control 

(No Ethanol) 
15% Ethanol 
30% Ethanol 


45% Ethanol 


3.60 
+0.15 


3.55 
+0.15 


3.71 
+0.15 


3.76 
+0.15 


2.18 
+0.18 


2.47 
+0.24 


220" 
+0.26 


2.51 
+0.24 


1.41 
+0.09 


1.78 
+0.26 


2.35* 
+0.28 


1.53 
+0.20 





Values are means + SEM. 


*Significantly greater than corresponding value for the control group (p<0.05, by Dun- 


nett’s Test). 


experiment. A fine wire mesh screen covering the cage floor 
permitted accurate determination of Purina chow consump- 
tion. 

Twenty-four subjects were randomly assigned to four 
groups. After two weeks, during which all groups were given 
only Purina chow and water, three of the groups were also 
allowed continuous access to either 15, 30 or 45% (v/v) 
ethanol in tap water for 14 weeks. Three times per week 
throughout the experiment, body weight was measured to 
the nearest gram, and chow and ethanol consumption were 
measured to the nearest 0.01 g. Water intake was not re- 
corded. 

Because previous observations (DiBattista, unpublished 
observations) had indicated that ethanol consumption is not 
influenced by the location of the container within the cage, 
ethanol solutions were always placed to the animals’ right 
with respect to the water bottle. Ethanol bottles were 
equipped with ball-bearing sipper tubes (Wahmann C-215) to 
reduce fluid loss, and sipper tubes of the ethanol bottles 
protruded only about | cm into the cage and were about 8 cm 
above the floor to minimize the effects of frivolous manipu- 
lation. The degree of leakage and evaporation was estimated 
by placing bottles containing the various ethanol solutions on 
empty cages. In this manner, correction factors for wastage 
of 0.8, 1.1 and 1.4 g/day were derived for the 15, 30 and 45% 
ethanol solutions respectively, and have been appropriately 
applied to yield the ethanol consumption data presented be- 
low. 

Given that 100% ethanol weighs 0.789 g/ml and has a 
caloric density of 7.1 kcal/g, caloric values of the 15%, 30% 
and 45% ethanol solutions were calculated to be 0.87, 1.79 
and 2.79 kcal/g, respectively. These values, and the manu- 
facturer supplied caloric value of 3.39 kcal/g for Purnia 
chow, were used in the calculation of caloric consumption. 

On the last day of the experiment, all hamsters were 
humanely sacrificed with an overdose of Nembutal and dis- 
sected. Determinations were made of naso-anal length, and 
weights of kidneys, testes, and epididymal and re- 
troperitoneal fat pads. 

Data were anayzed by the one-way and two-way analysis 
of variance techniques, the Newman-Keuls procedure, and 
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FIG. 1. Mean body weight of hamsters having continuous access 
either to Purina chow only (Control) or to both chow and an ethanol 
solution. Water was freely available. *Significantly different from 
control value for the same week (p<0.05, by Dunnett’s Test). 


by Dunnett’s test for comparing experimental groups to a 
common control group [18,26]. 


RESULTS 


It is clear from inspection of Fig. 1 that all groups of 
animals gained weight during the fourteen weeks of the ex- 
periment, but a significant TreatmentxTime interaction 
indicates that they did so at different rates, F(42,280)=4.62, 
p<0.001. Hamsters in the 30% ethanol group were signifi- 
cantly heavier than controls during weeks 8 through 14 
(p<0.05); although the body weights of animals in the 15% 
and 45% groups were consistently higher than control val- 
ues, these differences did not reach statistical significance. 

It appears from the data of Table | that the excess weight 
gain of the 30% ethanol group was due largely to increased 
body fat deposition. One-way analyses of variance indicated 
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FIG. 2. Mean daily caloric consumption of hamsters having con- 
tinuous access either to Purina chow only (Control) or to both chow 
and an ethanol solution. Water was freely available. *Significantly 
different from control value for the same two week period (p<0.05, 
by Dunnett’s Test). 


significant effects of treatment upon both epididymal fat pad 
weight, F(3,20)=3.63, p<0.05, and retroperitoneal fat pad 
weight, F(3,20)=3.98, p<0.05. In each instance, the fat pads 
of the 30% ethanol group proved to be significantly larger 
than those of the control group. In contrast, analyses of vari- 
ance did not reveal significant differences among groups in 
either body length, weight of kidneys, or weight of testes 
(p>0.05 in each case). 

Data concerning total caloric consumption of the various 
groups are summarized in Fig. 2. A significant Treat- 
mentxXTime interaction was observed, F(21,140)=2.95, 
p<0.001, with the total caloric consumption of the 30% 
ethanol group significantly above control levels for each of 
the seven two-week periods during which ethanol was avail- 
able. Indeed during the course of the experiment, hamsters 
with access to 30% ethanol consumed over 25% more calo- 
ries than control animals. Total caloric consumption of the 
15% and 45% ethanol groups, although consistently above 
control levels, did not differ significantly from them. 

Hamsters in all groups derived a substantial portion of 
their total daily caloric intake from ethanol (Fig. 3). Two- 
way analysis of variance of the number of calories per day 
derived from ethanol revealed significant effects of Treat- 
ments, F(2,15)=4.66, p<0.05, and Time, F(6,90)=20.24, 
p<0.01. The Newman-Keuls procedure indicated that the 
30% ethanol group derived significantly (p<0.05) more en- 
ergy (Mean=13.51 kcal/day) from ethanol throughout the 
experiment than did the 45% ethanol group (Mean=7.51 
kcal/day). In addition, the various groups consumed an aver- 
age of only 6.47 kcal/day from ethanol during the first two 
weeks of ethanol availability, which was significantly less 
than the amount consumed in each of the subsequent two- 
week periods (p<0.05; Newman-Keuls test). The number of 
ethanol-derived calories was at a maximum for each of the 
three groups during the last two weeks of the experiment; 
during this time the 15, 30 and 45% ethanol groups were 
consuming 12.1, 15.0, and 9.6 g/kg/day, respectively. 

Two-way analysis of variance of the number of calories 
per day derived from Purina chow, as shown in Fig. 4, re- 
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FIG. 3. Mean number of calories per day derived from ethanol for 


hamsters having continuous access to Purina chow, ethanol and 
water. 
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FIG. 4. Mean number of calories per day derived from Purina chow 
for hamsters having continuous access either to Purina chow only 
(Control) or to both chow and an ethanol solution. Water was freely 
available. *Significantly different from control value for the same 
week (p<0.05, by Dunnett’s Test). 


vealed a_ significant TreatmentxTime _ interaction, 
F(21,140)=3.17, p<0.001. The chow consumption of the 45% 
ethanol group, which derived the fewest calories from 
ethanol, did not differ significantly from control values 
throughout the experiment. Both the 15% and the 30% 
ethanol groups consumed significantly less Purina chow than 
did the control group after the first two weeks of ethanol 
availability. 


DISCUSSION 


The above evidence confirms that male golden hamsters 
will voluntarily consume considerable quantities of ethanol 
for long periods of time. Hamsters with continuous access to 
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food, water and an ethanol solution were consuming be- 
tween 9.6 and 15.0 g/kg/day of ethanol at the end of the 
14-week period of ethanol availability, results which agree 
quite closely with those of other researchers (e.g., [17]). 
Hamsters in all groups had healthy, well-groomed coats and 
appeared to be in excellent physical condition at the time of 
sacrifice. The fact that testis weights of control and ethanol- 
consuming hamsters did not differ suggests that the ethanol- 
consuming animals were well-nourished throughout the ex- 
periment, as it has been demonstrated that chronic undernu- 
trition causes testicular regression in hamsters [6]. The ob- 
servation that ethanol-consuming hamsters generally had 
higher body weights than controls further suggests that 
undernutrition did not occur. 

Although animals consuming 15% and 45% ethanol de- 
rived substantial numbers of calories from ethanol, reduc- 
tions in chow-derived calories resulted in there being no sig- 
nificant increase in their total caloric intakes. Nevertheless, 
a clear trend was observed in both of these groups, with 
body weights and total caloric intakes being consistently 
above control levels. Indeed, the rate of weight gain in the 
15% and 45% ethanol groups was about twice that of the 
control group, a result consistent with the earlier report of 
Harris et al. [8]. 

Significant increases in both total caloric intake and body 
weight were observed in the 30% ethanol group. These 
animals consistently derived the most calories from ethanol 
and were consuming 15 g/kg/day of ethanol during the final 
two weeks of the experiment. Although their intake of Purina 
chow fell significantly while the ethanol solution was avail- 
able. the total caloric consumption of the 30% ethanol group 
nevertheless exceeded that of the control group by about 
25% throughout the 14-week period of ethanol availability. 
These animals also weighed 27% more than controls at the 
end of this period, the excess weight being attributable for 
the most part to excess fat deposition, as neither body length 
nor organ weights exceeded control values. 

These results stand in sharp contrast to the findings of 
McCoy et al. [16], who gave hamsters access to ethanol 
solutions in concentrations up to 41.6% (w/v) as their only 
source of fluid for four weeks. These researchers observed 
that hamsters derived more calories from ethanol as the con- 
centration of the solution increased, with ethanol consump- 
tion reaching a remarkable 26 g/kg/day at the highest concen- 
tration. Furthermore, at all ethanol concentrations, corre- 
sponding reductions in food intake occurred, with the result 
that neither total caloric consumption nor body weight in- 
creased above control levels. It appears however that the 
unavailability of drinking water in the McCoy et al. experi- 
ment [16] may have greatly influenced both the ethanol in- 
take and the food consumption of the hamsters, as has previ- 
ously been observed in several other species [4]. First, it is 
well established that water restriction can greatly enhance 
the ethanol consumption of many animals. In hamsters, re- 
moval of free water can produce a 50% increase in consump- 
tion of 30% ethanol [17]. It is likely therefore that the very 
high levels of ethanol consumption observed by McCoy et 
al. [16] were due at least in part to the water restriction 
procedure which was used. The unavailability of drinking 
water in the McCoy et al. [16] study may have also directly 
depressed food consumption while it enhanced ethanol con- 
sumption. Hamsters typically drink about 80 ml/kg/day of 
water [7,16], but animals which had access to 27.8% and 
41.6% ethanol solutions in the McCoy et al. [16] experiment 
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derived as little as 36 ml/kg/day of water from their ethanol 
solutions. Because water deprivation inhibits food con- 
sumption in hamsters [15], it seems likely that the food con- 
sumption of these ethanol-consuming hamsters was de- 
pressed not only as a compensatory response to the calories 
derived from ethanol, but also as a consequence of the 
chronic water deprivation. The apparent stability of their 
total caloric consumption is therefore difficult, if not im- 
possible, to interpret and cannot be taken to indicate precise 
caloric regulation. 

The obesity observed in the present experiment bears cer- 
tain similarities to the sucrose-induced obesity which has 
been observed in rats [10]. In each case, access to a calorie- 
rich solution, in addition to water and lab chow, leads the 
animals to consume substantial proportions of their daily 
energy intake from the solution, with the simultaneous re- 
duction in chow-derived calories being too small to prevent 
the occurrence of caloric overconsumption. Furthermore, in 
each situation the animals overconsume calories by about 20 
to 25% which is a quite modest increase in comparison, 
for example, to that observed in rats following lesions of the 
ventromedial hypothalamus [11,23]. However, while the 
hyperphagia following VMH lesions is transient, rats with 
access to 32% sucrose and hamsters with access to 30% 
ethanol take in more calories than normal for several 
months, and perhaps indefinitely, and thus ultimately be- 
come obese compared to their respective control groups 
maintained on lab chow alone. 

The ability of hamsters to metabolize relatively large 
quantities of ethanol undoubtedly plays a permissive role in 
maintaining their avid voluntary consumption of ethanol so- 
lutions [14, 22, 24]. However, the hamster’s initial appetite 
for ethanol, as opposed to its capacity to metabolize it, prob- 
ably depends largely upon the orosensory properties of 
ethanol. It is common, for example, for hamsters to consume 
a substantial amount of ethanol solution even upon its very 
first presentation, before post-ingestional factors could play 
a major role. In addition, hamsters not only typically prefer 
ethanol solutions to water, but also unlike other laboratory 
animals, consume more of higher concentrations of ethanol 
(25-50%) than of isocaloric glucose [7]. In evolutionary 
terms, the hamster’s appetite for ethanol may depend upon a 
gustatory system which is adapted to a desert environment, 
where the diet normally would contain many bitter, strong- 
tasting substances [25]. This speculation is supported by ob- 
servations that hamsters have a high avoidance threshold for 
quinine hydrocholoride [3] and that they will voluntarily 
consume substantial amounts of unflavoured tobacco [12]. 

This appears to be the first report of ethanol-induced 
obesity in any species and provides further evidence for the 
importance of environmental factors in the development of 
animal obesity. Factors which may influence the develop- 
ment of ethanol-induced obesity in hamsters, such as diet 
composition and age, sex and hormonal status of the animals 
remain to be examined. 
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VIVES, F., A. MORALES AND F. MORA. Lesions of connections of the medial prefrontal cortex in rats: Differential 
effects on self-stimulation and spontaneous motor activity. PHYSIOL BEHAV 36(1) 47-52, 1986.—The effects of lesions 
of the mediodorsal nucleus of the thalamus (MD) and the nucleus caudate putamen (CP) on self-stimulation (SS) of the 
medial prefrontal cortex (MPC) were investigated. After bilateral electrolytic lesions of the MD or the anteromedial 
segment of the CP, SS rate and spontaneous motor activity (SMA) were measured. Both MD and CP lesions induced a 
significant decrease in SS. After 8 days post-lesion, SS rate recovered to pre-lesion levels. SMA did not change signifi- 
cantly after MD lesion. However, SMA showed a significant decrease the Ist and the Sth days after lesioning the CP. The 
results suggest that the MD and possibly the CP are associated with SS, although it appears that they do not have an 
essential but rather a modulatory role. The recovery of SS occurs within a few days, presumably due to the compensatory 
effect of other pathways and structures. The results are also discussed in relation to the effect found after electrolytic lesion 


of ventrotegmental area and locus coeruleus. 
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THE medial prefrontal cortex (MPC), the dorsomedial nu- 
cleus of the thalamus (MD) and the nucleus caudate putamen 
(CP) are anatomically and functionally related [7, 19, 34]. In 
the rat, the MPC is most frequently defined as the cortical 
projection of the MD [2, 7, 19]. Furthermore, the MPC re- 
ceives other specific afferents overlapping along with those 
from the MD, namely, from the ventro-tegmental area (VTA) 
and basolateral amygdala [3, 7, 31, 35]. Also, the MPC re- 
ceives unspecific afferents from different nuclei that provide 
diffuse innervation to the entire neocortex, such as various 
thalamic nuclei, lateral hypothalamus, locus coeruleus (LC) 
and habenula [1, 7, 13]. The MPC, in turn, sends back effer- 
ents to all these nuclei. Only the CP, which receives affer- 
ents from the MPC in a topographically ordered fashion, 
seems not to have direct reciprocal connections with the 
MPC [36]. 

In previous reports, we and others have suggested that 
projections from the VTA through the release of dopamine 
(DA) could participate in self-stimulation (SS) of the MPC in 
the rat [20, 21, 27]. However, lesions of this pathway do not 
completely abolish SS of the MPC [27]. It seems clear, there- 
fore, that other afferent or efferent pathways to/from the 
MPC should be involved in sustaining SS of this brain area. 
The MD and CP are two structures which are closely related 
to the MPC and also support SS [5, 7, 12, 17, 35]. Lesions of 
the MPC produced severe impairments in tasks requiring the 
use of spatial cues, active avoidance, hoarding and test of 
habituation [15]. Similar impairments have also been ob- 
served after lesions of the MD and CP [14]. On the basis of 


these observations, it has been suggested that these three 
structures could be part of a functional system involved in 
the organization of certain behavioral responses [14]. 

These studies raise the possibility that a circuitry between 
medial prefrontal cortex, dorsomedial nucleus of the 
thalamus and nucleus caudate putamen is related in sustain- 
ing the self-stimulation of the MPC. Therefore, the aims of 
the present study were: (a) to investigate whether MD or CP 
lesions disrupt the SS elicited in the MPC, as they do in other 
behaviors and (b) to compare the effects of the lesions of the 
MD and CP with those obtained after lesions of the VTA and 
LC. 


METHOD 
Animals and Surgery 


Experiments were performed on male Wistar rats weigh- 
ing 200-250 g at the time of surgery. During all the experi- 
ments, the rats were housed individually in a room with con- 
trolled light and temperature and with food and water ad lib. 
At the time of surgery, the animals were anaesthetized with 
Equithesin (2 ml/kg) and bilateral monopolar stainless steel 
electrodes were placed stereotaxically in the MPC. The elec- 
trodes were No. 00 steel insect pins coated with insulating 
resin with 0.5 mm of the tip bared. Stereotaxic coordinates 
derived from bregma with the incisor bar set at —4 mm be- 
neath the interaural line were: +2.5 mm A-P, 0.8 mm M-L 
and 4 mm ventral the dura surface. During the same operat- 
ing session, two holes were trephined in the skull overlying 
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MD or CP and two screws were fastened in place. The 
stereotaxic coordinates were: MD, —2 mm A-P, 0.5 mm M-L, 
5 mm ventral; CP, 0 mm A-P, 2 mm M-L, 4 mm ventral. 


Behavioral Testing and Histology 


The experimental protocol consisted in first measuring 
the spontaneous motor activity (SMA), via contacts lining 
the floor of a 26x 2936 cm motility chamber for 15 min, and 
then measuring SS for 15 min in standard lever equipped 
boxes, measurements being recorded for the last 10 min of 
each session. This was done at the same time every day. 
Each lever press delivered a train of 0.3 sec duration of 
monophasic rectangular negative pulses of 0.5 msec at 100 
Hz. Intensity of stimulation was individually adjusted for 
each animal (ranging among animals between 100-400 wA) 
after a rate intensity curve was performed [22]. Of 36 rats, 28 
showed stable SS rate. Under these conditions, and after the 
baseline responding for both parameters was stabilized, con- 
trol readings were taken for 14 days. After that period, elec- 
trolytic lesions of the MD or CP were performed under light 
Equithesin anaesthesia, by introducing acutely two elec- 
trodes through the holes and by passing a direct, anodal 
current of an intensity of 2 mA for 10 sec. SS and SMA were 
then daily recorded. 

At the completion of testing, the location of the electrodes 
and the extent of the lesions were verified histologically (see 
Figs. 1, 2 and 3). Only those rats with lesions confined to MD 
or CP were considered for analysis. The results were statisti- 
cally analyzed using an analysis of variance (ANOVA) test. 


RESULTS 


Figure 1 shows a schematic representation of the 
stereotaxic planes and the positions at which the electrode 
tips for SS were located. All of them were placed in the 
deeper layers of the MPC. A representative example of the 
extent of the lesions in the MD is shown in Fig. 2. The 
lesions damaged all the MD (laterally and antero- 
posteriorly). In some rats, the lateral habenula was also 
lesioned. Figure 3 shows a typical example of the CP lesion. 
Only the anteromedial segment of this nucleus was bilater- 
ally lesioned. Figure 4 shows the effect of the MD lesion on 
the SS of the MPC and SMA. In order to compare the effects 
of the lesions on both parameters on the same scale, the 
results are expressed in percentage of the control. The con- 
trol rate of SS of all the rats ranged between 300-450 
presses/10 min. As can be seen in Fig. 4, 24 hr after lesion, 
the SS rate dropped significantly (p><0.01) to 50% of the 
control level. During the next few days, SS rate recovered 
gradually to pre-lesion levels. MD lesions had no effect on 
SMA. Electrolytic lesions of CP, however, induced a signifi- 
cant decrease of both, SS and SMA (Fig. 5). By day 8, SS 
and SMA recovered to pre-lesion levels. Figure 6 shows the 
comparison of the effects produced by lesions of MD, CP, 
LC and VTA. LC and VTA data were taken from a series of 
studies carried out in our laboratory in order to assess the 
possible role that these nuclei play in maintaining the SS of 
the MPC [10,28]. Lesion of the LC caused no changes, MD 
and CP lesions produced only transient decrease, whereas 
VTA lesions yielded a decrease in SS, which recovered too, 
and seemed to be stabilized at 40% of control values by the 
16th post-lesion day, when testing was discontinued. 


DISCUSSION 


The results from the present study show that lesions of 
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FIG. 1. Schematic representation of coronal sections of the rat brain 
showing sites for SS in the MPC (triangles). Outlines taken from the 
stereotaxic atlas of Konig and Klippel (1967). 


the MD and CP produced a decrease in SS of the MPC by 
about 40-50% for a period of 4-8 days. After that time, SS 
recovered to control levels. In order to help clarify if the 
decreasing effect produced by the lesions are specific or not, 
we used the SMA to assess the possibility of unspecific ef- 
fects. After MD lesions, SMA counts showed no statistically 
significant changes from the control level. This suggests that 
the lesions did not produce a marked effect on general behav- 
ior and the decrease of SS appears to be due to a specific 
effect on the neural substrates of the SS of the MPC. 

Most of the MD projections reach the deeper layers of the 
MPC [18,30] where the electrodes were located in this study. 
Moreover, degenerating synaptic boutons have been ob- 
served in the vicinity of SS electrodes in the MPC after le- 
sions of the MD (Gayoso, Vives and Mora, unpublished ob- 
servations). This shows that an alteration of the neural sub- 
strates underlying the tip of the electrode in the MPC does, 
in fact, occur. Thus, these data support the idea that the MD 
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FIG. 2. Photograph of a histological section showing the lesion’s largest extent of the mediodorsal nucleus of the thalamus. 
Abbreviations: AM: amygdala; HI: hippocampus; HP: hypothalamus; MD: mediodorsal nucleus of the thalamus; TL: lateral 
nucleus of the thalamus; TV: ventral nucleus of the thalamus. 


FIG. 3. Photograph of a histological section showing the lesion’s largest extent of the caudate-putamen. Note that 
only the anteromedial segment is lesioned. Abbreviations: CA: anterior comminsurae; CP: caudate-putamen; SL: 
septum lateral; ST: nucleus interstitialis striae terminalis; TCC: truncus corporis callosi. 
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FIG. 4. Effects of bilateral electrolytic lesions of MD on SMA and 
SS rate. Each value represents the mean percentage of 10 
rats+SEM. C is the mean of the pre-lesion values (C=100). 


projections are related to the maintaining of SS of the MPC. 
Nevertheless, after 8 days post-lesion, other pathways 
from/to the MPC could compensate for the possible role 
played by the MD, as it has been suggested for SS of other 
structures [26]. Also, the lack of a deep and long lasting 
decrease in the SS rate, despite the fact that the MD provides 
the largest single source of afferents to the prefrontal cortex 
[7, 19, 35], supports the hypothesis already proposed by 
other authors [16] that the connections between the MPC 
and the MD are not involved in the maintenance of behaviors 
previously learned [8, 16, 29], but possibly in learning tasks, 
memory, and behavioral flexibility. 

The effects on SS of CP lesions are more difficult to inter- 
pret. The present results show that SS decreases signifi- 
cantly up to 7 days post-lesion. Initially, these findings could 
be interpreted as a consequence of the lesion of CP per se, or 
of the disruption of fibers of passage to or from the prefrontal 
cortex. This last possibility, however, seems less likely be- 
cause the fibers to the MPC pass laterally to the dorso- 
anteromedial region of the CP [19]. Also the behavioral data 
reported by Kolb [14] support the hypothesis that the effects 
found after CP lesion are due to the neural damage and not to 
the disruption of fibers of passage. Nonetheless, the signifi- 
cant decrease that SMA showed after the lesion and the very 
similar trend toward recovery followed by both SS and 
SMA, suggest that the changes observed in the SS rate could 
be due to the alteration of the motor functions coded in the 
basal ganglia [25]. Therefore, the possibility of CP contribut- 
ing to the neural substrate of SS of the MPC requires further 
investigation. 

Finally, Fig. 6 provides a summary of the most relevant 
results obtained in a series of lesion studies carried out in our 
laboratory, examining the anatomical bases of SS of the 
MPC [10,28]. This figure supports an idea we have already 
advanced elsewhere [35], i.e., the possibility that although 
all terminals surrounding the tip of the electrode supporting 
SS are activated during SS, three different categories of 
terminals could coexist. The first category is composed of 
terminals whose activation is necessary for SS behavior to 
be sustained (that could be the case for VTA projections). 
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FIG. 5. Effects of bilateral electrolytic lesions of CP on SMA and SS 


rate. Each value represents the mean percentage of 10 rats+SEM. C 
is the mean of the pre-lesion values (C= 100). 
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FIG. 6. Effects of electrolytic lesions of MD (O), CP (A), LC (D) 
and VTA (@) on SS of the MPC. Note the recovery of all groups 
around the 8th day post-lesion, except in the VTA group. 


The second consists of terminals whose activation might 
modulate SS (projections from MD and possibly CP could 
conceivably play that role); and finally, the terminals whose 
activation does not affect the SS, as could be the case for 
afferents from the LC. These results are also consistent with 
other studies showing that DA from the VTA efferents is 
essential for the sustaining of the SS of the MPC ([3, 9, 20, 
21, 32, 33] see review in [11]). On the contrary, the norad- 
renaline released from the LC efferents (33) probably is not 
associated with the SS of the MPC ([38] see review in [23)). 
Although there is less information about the possible neuro- 
transmitters released by MD terminals in the MPC, this 
pathway seems to be mediated by amino acids [4, 12, 31]. 
Nevertheless, after performing MD lesions similar to those 
showed in Fig. 2, we have recently demonstrated [24] that 
there are no changes in the MPC levels of putative amino 
acid neurotransmitters. Thus, neurotransmitters which are 
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not amino acids may mediate the pathway between MD and 
MPC, and further studies are needed. 
In conclusion, the results of the present study suggest that 


the pathways between MD and MPC and possibly between 
MPC and CP could play a modulatory role in the neural 
substrate of SS of the MPC. 
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NIZIELSKI, S. E., J. E. MORLEY, T. J. BARTNESS, U. S. SEAL AND A. S. LEVINE. Effects of manipulations of 
glucoregulation on feeding in the ground squirrel. PHYSIOL BEHAV 36(1) 53-58, 1986.—Insulin and 2-deoxy-D-glucose 
(2-DG) stimulate feeding in rats, while glucagon inhibits feeding. We report here their effects on food intake in the 13-lined 
ground squirrel (Spermophilus tridecumlinectus). These hibernating animals are an interesting model for studying appetite 
regulation because of the marked seasonal variations in food consumption. Food intake reached a peak of 286+7 g/kg/day 
in mid July, decreasing to 16.1+3 g/kg/day in September. Studies during the hyperphagic period showed that glucagon (0.5 
to 1 mg/kg) decreased feeding 30 minutes post injection (p><0.01) whereas at 4 hours glucagon produced a 37% increase in 
feeding (p<0.05). During the hypophagic period, glucagon failed to alter food consumption. Insulin (5-100 Units/kg) 
produced no effect on feeding in hyperphagic animals despite a decrease in glucose from 193+ 10 mg/dl to 55+4 mg/dl after 
100 Units/kg. However, insulin (50 and 100 Units/kg) resulted in significant increases in food consumption at 2 and 4 hours 
(p<0.01 and 0.05, respectively) when administered while the animals were hypophagic. 2-DG (250-750 mg/kg) increased 
food consumption (hyperphagic phase) by 76% at 20 hours (p<0.01) with significant increases being present as early as 4 
hours, although when 2-DG was given to hypophagic animals it resulted in decreased food intake at 4 hours (p<0.05). We 
conclude that the effects of glucoregulatory manipulations on food consumption are markedly influenced by the circannual 


rhythm of feeding in the 13-lined ground squirrel. 
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GLUCOPRIVATION, induced by either insulin or 
2-deoxy-D-glucose (2-DG), will cause an increase in feeding 
in numerous species [5, 6, 16, 19, 32, 36]. The notable ex- 
ception is the golden hamster, which responds to insulin- 
induced hypoglycemia by increasing food consumption, but 
fails to do so in response to 2-DG-induced glucoprivation 
(30, 33, 35]. 2-DG produces glucoprivation by competing 
with glucose for carrier-mediated transport into the brain and 
by inhibiting phosphoglucose isomerase and thereby directly 
blocking glycolysis [14]. Insulin induced hypoglycemia, on 
the other hand, causes glucoprivation in tissues which are 
insensitive to insulin, such as the brain and liver [4,8]. It is 
thought that glucoregulatory control of feeding is mediated 
by brain glucoreceptors which are sensitive to changes in 
their glucose utilization. In addition to the brain, it also ap- 
pears that alterations in peripheral metabolism (most notably 
hepatic) are necessary to stimulate food intake in insulin- 
induced hypoglycemia [9,38]. 2-DG is able to increase food 
consumption independent from alterations in peripheral me- 
tabolism [13], and may be related to decreased brain glyco- 
gen [31]. However, alterations in peripheral metabolism may 
still be important as infusions of 2-DG into the hepatic-portal 
vein result in greater, and more rapid increases in feeding 
than other routes of administration. In contrast to the effects 


of glucoprivation on feeding it has also been shown that in- 
jections of glucagon will cause decreased feeding in rats 
[10,18], rabbits [39], and humans [27,34]. Moreover, the 
administration of antibodies to glucagon has been shown to 
cause increased feeding in rats [17]. Whether these effects 
are due to glucagon acting directly as a satiety hormone or in 
response to glycogenolysis and a resulting hyperglycemia is 
not known. The satiety effect of glucagon does, however, 
require an intact hepatic vagus [12,39], suggesting that al- 
terations in hepatic metabolism may be involved. 

In the studies presented here we examined the effects of 
insulin, 2-DG and glucagon on food intake in the 13-lined 
ground squirrel. These hibernating animals demonstrate 
marked seasonal variations in food consumption [3,23] and 
therefore may be excellent models to study appetite regula- 
tion. In preparation for hibernation these animals become 
hyperphagic to increase energy stores, whereas during the 
hibernation season they become hypophagic. These patterns 
of food consumption persist even when the animals are 
housed under laboratory conditions where they fail to hiber- 
nate [24]. 


METHOD 


The animals used in these experiments were juvenile male 
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FIG. 1. Effect of insulin on food intake in ground squirrels while 


hyperphagic. Stippled area represents 95% confidence limits around 
the control mean. 


and female 13-lined ground squirrels born in the laboratory 
from wild female ground squirrels (trapped by Dr. Kent Hall 
near Madison, WI). They were housed individually in sus- 
pended cages and provided with Purina rat chow and 
sunflower seeds ad lib. A 12 hour light/dark schedule was 
maintained and room temperature was kept at approximately 
20°C. 

The response of food consumption to various doses of 
insulin, 2-deoxy-D-glucose (2-DG) and glucagon was deter- 
mined during the hyperphagic and hypophagic phases of the 
feeding cycle. Animals were considered to be hyperphagic 
during July and August (average daily food intake > 50 g/kg 
bw) and hypophagic from the later part of September 
through December (average daily intake <21 g/kg bw). Av- 
erage daily food intake was determined from five animals 
whose food consumption (chow only) was regularly moni- 
tored. 

Prior to the administration of insulin (5, 10, 50, 100 U/kg) 
or 2-DG (250, 500, 750 mg/kg) food was available ad lib. At 
the time of injection, food was removed from the cages, the 
animals were given the appropriate treatment, returned to 
their cages and immediately presented with a weighed 
amount of rat chow. Because glucagon has been shown to 
depress feeding in rats, our animals were food deprived for 
20 hours prior to glucagon (0.1, 0.25, 0.5, 1.0 mg/kg) injection 
to stimulate feeding and food was presented 15 minutes post 
injection. The injections were administered intramuscularly, 
with the exception of 2-DG which was injected IP. 

Blood was obtained for plasma glucose determinations by 
cardiac puncture while the animals were under ether 
anesthesia. Samples were drawn into heparinized syringes 
from different animals just prior to insulin (100 U/kg) or 
saline injection and at 2, 4 and 6 hours post injection. Food 
was not available during the six hours following injections 
but was available ad lib until that time. Plasma was de- 
proteinized with NaOH and ZnSO, and centrifuged. Glucose 
was assayed by glucose oxidase method (Sigma). 

Data were analyzed by one way ANOVA or a two way 
ANOVA with sex as the second factor. The significance of 
individual treatment effects compared to controls were eval- 
uated using a Dunnett’s f-test. 
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FIG. 2. The response of plasma glucose to saline and insulin (100 
U/kg) injections in September (*p<0.05, tp<0.01). 


RESULTS 


Administration of insulin (5 and 10 U/kg) failed to in- 
crease food intake above control levels in ground squirrels 
during the hyperphagic phase of the feeding cycle (Fig. 1a). 
In a second experiment conducted one week later, 50 and 
100 U/kg insulin were injected into these same animals. 
Again, no significant effects of insulin on food intake were 
observed (Fig. 1b), although there was a tendency for the 
highest dose to increase feeding at 6 hours. In addition to the 
time points shown here, we also measured food consumption 
at 20 hours. Food intake at 20 hours was 17.3+0.6 in the 
controls compared to 18.2+0.9 and 19.3+1.1 at 50 and 100 
U/kg respectively. It should also be noted that no behavioral 
alterations were observed at any dose of insulin. Although 
100 U/kg insulin failed to alter food intake, plasma glucose 
was markedly decreased (p=0.002) (Fig. 2). Glucose de- 
clined over the course of the experiment, reaching a nadir of 
55+4 mg/dl at 6 hours, compared to a control value of 
193+ 10 mg/dl. Although these baseline values appear high, 
Agid et al. found that plasma glucose varied between 140 and 
210 mg/dl during hibernation [1], and that plasma glucose 
was not significantly different between the hibernation and 
active phases [2]. 

However, when the insulin injections were repeated in 
December (Fig. 3), while the animals were hypophagic, we 
did find significant treatment effects at 2 and 4 hours 
(p =0.009 and 0.045, respectively). One hundred U/kg of in- 
sulin resulted in increased food consumption at both time 
points (p<0.01 and 0.05, respectively) while 50 mg/kg of in- 
sulin caused a significant increase (p <0.05) in feeding only at 
2 hours. This differs from the data obtained in August when 
no significant changes in food intake were observed. Six 
hours following injection, insulin ceased to have any signifi- 
cant effect on feeding. 

In contrast to the lack of effect that insulin had on feeding 
when administered in August, 2-DG (Fig. 4) produced signif- 
icant increases in feeding at 4, 6 and 20 hours (p<0.0005 at 4, 
6 hours and p<0.005 at 20 hours) during this hyperphagic 
period. While all doses resulted in significant increases com- 
pared to saline controls at these time points, 750 mg/kg of 
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FIG. 3. Effect of insulin on food intake in ground squirrels while 
hypophagic. Stippled area represents 95% confidence limits around 
the control mean. *p<0.05, tp<0.01. 
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FIG. 5. Effect of 2-DG administration on food intake in ground 
squirrels while hypophagic. Stippled area represents 95% confi- 
dence intervals around the mean. *p<0.05. 


2-DG produced approximately 3 to 4 fold increases in food 
intake compared to control values at 4 and 6 hours. Marked 
increases were still observed at 20 hours when this dose of 
2-DG resulted in greater than 2 fold increases in food intake 
(3.8+0.4 g, controls; 8.6+0.8 g, 750 mg/kg). 

However, when these injections were repeated during the 
hypophagic phase (Fig. 5), we found that the highest dose of 
2-DG produced a significant (p =0.04) decrease in food con- 
sumption at 4 hours (2.0+0.4, control; 1.0+0.2, 750 mg/kg 
2-DG). While not significant at other time points there was a 
trend for both doses of 2-DG to decrease feeding at 1, 2 and 6 
hours. 

Of further interest, we found that there were significant 
(p<0.05) male/female interactions (Fig. 6) at 4, 6 and 20 
hours when 2-DG was administered in August. It appears 
that females responded sooner, and to lower doses than did 
the males. 

Glucagon administered during the hyperphagic phases of 
the feeding cycle resulted in significant (p =0.034) treatment 
effects at 4 hours (Fig. 7a). At the 4 hour time point, 0.5 and 
1.0 mg/kg doses of glucagon significantly increased (p<0.05) 
food intake (9.5+1.1, 9.4+0.9 g/kg bw, respectively) over 
saline controls (7.3+0.5 g/kg bw). These results were the 
opposite of what was expected. Since we may have missed a 
short lived reduction in food intake prior to our one hour 
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FIG. 4. Effect of 2-DG on food intake in ground squirrels while 
hyperphagic. Shown are mean+SEM, *p<0.05, tp<0.01. 
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FIG. 6. Significant interactions between males and females in re- 
sponse to 2-DG were seen at 4, 6 and 20 hours. p =0.03, p=0.04 and 
p=0.006, respectively. 


sampling point (food intake: 2.4+0.2, 2.6+0.2, 2.3+0.2, 
2.5+0.3, 2.8+0.2; saline 250, 500, 750 mg/kg 2-DG, respec- 
tively), we repeated the experiment using only two treat- 
ments, saline and 1 mg/kg, and weighed food consumption 
after '/2 hour (Fig. 7b). At '/2 hour, there was a significant 
(p <0.001) decrease in feeding. 

When we first repeated the glucagon study (using a full 
dose analysis) in December, we found no significant in- 
creases or decreases at any of the time points (data not 
shown). Because low basal levels of feeding may have 
caused us to miss small differences, we repeated the experi- 
ments again using only two treatments which enabled us to 
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FIG. 7. Effect of glucagon on food intake in ground squirrels while 
hyperphagic. *p<0.05. 


double the size of the treatment groups. Again no significant 
treatment effects were observed (Fig. 8). 


DISCUSSION 


These results demonstrate that the circannual rhythm in 
the 13-lined ground squirrel can affect the feeding response 
of these animals to glucoregulatory manipulations. During 
the hyperphagic period insulin did not alter food intake, al- 
though plasma glucose was markedly depressed. Insulin did, 
however, increase food intake during the hypophagic period. 
In contrast, the glucoprivic agent, 2-DG, produced signifi- 
cant increases in food consumption when administered in 
August, while in December it caused a small decrease in 
feeding. Glucagon administration during the hyperphagic 
period caused significant decreases in feeding at 30 minutes 
while inducing significant increases in feeding at 4 hours. 
When administered in December, glucagon produced no 
significant results. 

Clearly, insulin’s effect on food intake was influenced by 
the phase of the feeding cycle, failing to cause significant 
increases in feeding while the animals were hyperphagic. 
Studies in the golden mantled ground squirrel suggested that 
insulin increased food intake independent of the phase of the 
weight cycle [19]. However, weight and food cycles are not 
necessarily synchronized. In fact, weight may still be in- 
_ creasing substantially despite markedly reduced food intake 
[3,21]. Although the golden mantled ground squirrels were 
defined as being at different phases of the weight cycle, it 
appears that they were studied at only one time of the year. 
Thus, it is possible that all of the animals were hypophagic 
(although not ail had yet begun to lose weight) at this time. If 
this were the case, these data do not conflict with our find- 
ings, as we found that hypophagic animals did increase their 
feeding in response to insulin. Alternatively, these differ- 
ences may simply be ascribed to species differences. 

One explanation for the failure of insulin to enhance food 
intake in hyperphagic 13-lined ground squirrel may be insulin 
resistance. Under these conditions, the ability of insulin to 
lower plasma glucose would be attenuated, enough so to 
perhaps obviate compensatory increases in feeding. Al- 
though plasma glucose was lowered by exogenously ad- 
ministered insulin at this time, the decreases may not have 
been sufficient to elicit an increase in feeding. Furthermore, 
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FIG. 8. Effect of glucagon on food intake (mean+SEM) in ground 
squirrels while hypophagic. 


the decreases we observed were not as low as those reported 
for hamsters receiving high doses of insulin. Plasma glucose 
concentrations in hamsters 1 hour after receiving 100 U/kg of 
insulin were 3 times lower [33] than observed in our ground 
squirrels 2 hours after receiving the same dose. Additionally, 
plasma glucose concentrations reported by DiBattista [5] for 
hamsters 6 hours after the administration of 30 U/kg were 
twice as low as those observed in our animals 6 hours after 
receiving 100 U/kg. Although further data must be collected 
to substantiate the involvement of insulin resistance in the 
feeding cycles of the 13-lined ground squirrel, its occurrence 
in the feeding cycles of hibernators is not without prece- 
dence. Melnyk et al. [20] has shown that insulin resistance is 
involved in feeding cycles of the dormouse. The dormouse 
however, exhibits insulin resistance (decreased glucose 
tolerance) while hypophagic and the phase of the feeding 
cycle does not significantly affect the ability of exogenously 
administered insulin to decrease plasma glucose. These 
differences are not surprising since the response of FFA, 
glucose and insulin to hibernation in the two species is very 
different [2]. Glucoprivation produced by 2-DG would still 
be expected to cause increases in feeding, despite insulin 
resistance, since its glucoprivic action does not depend on 
insulin. 

Insulin resistance may contribute to the hypophagia ob- 
served prior to [3,7] and during hibernation [22]. As the 
animals acquire fat stores during the hyperphagic phase, in- 
sulin resistance may develop similar to that in obese adult 
onset diabetics and plasma glucose concentrations would 
also progressively increase. The increased glucose levels 
may contribute to the hypophagia which occurs prior to 
hibernation. Additionally, studies in baboons have suggested 
that insulin may act as a signal within the central nervous 
system to decrease feeding [28]. High levels of insulin, sec- 
ondary to insulin resistance may be acting as an anorexic 
signal in the ground squirrel. It is known that plasma ir- 
insulin concentration in the 13-lined ground squirrel is high- 
est in autumn [1]. 

The effects of both insulin and 2-DG in December may be 
due to the greater utilization of free fatty acids and ketones 
as metabolic fuels at this time compared to August. 
Moreover, insulin resistance would be expected to abate 
with weight loss associated with hypophagia. Insulin injected 
at this time would not only cause glucoprivation in insulin 
sensitive tissues but would also suppress the availability of 
these non-carbohydrate energy stores as well. The decrease 
in food intake seen with administration of 2-DG at this time is 
consistent with data which have shown that when ketone 
levels are high, 2-DG decreases feeding [37]. 

Although the effect of glucagon on feeding is generally 
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regarded as anorectic, glucagon increased feeding subse- 
quent to an initial suppression when administered to hyper- 
phagic ground squirrels. This observed increase may be due 
to depletion of liver glycogen and is similar to the results 
seen by Vanderweele et al. [40] in glucagon injected rats. 
During the hypophagic period, however, glucagon failed to 
decrease feeding in the ground squirrel. The inability of 
glucagon to suppress feeding during hyperphagia might be 
explained by two factors which appear to influence the abil- 
ity of glucagon to suppress feeding in other laboratory 
animals. It has been shown that glucagon has no effect on 
meal size when there is a latency of 8 minutes between injec- 
tion and the onset of the meal in rats [11]. This is presumably 
due to the short half life of circulating glucagon. In spite of 
the 20 hour fast imposed prior to injections, latency to the 
onset of feeding during the hypophagic phase may have been 
long enough to lessen glucagon’s effectiveness to reduce 
feeding. Fasting itself may be one variable contributing to 
these seasonal differences. It has been shown that glucagon 
is often ineffective in suppressing food intake, or even in- 
creases it, in animals which have been fasted [29, 39, 41]. 
This suggests that adequate hepatic glycogen stores may be 
necessary for glucagon’s anorexic effect. Because liver 
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glycogen is markedly decreased during the course of hiber- 
nation [25], it may be possible that glycogen reserves were 
decreased while the animals were hypophagic, despite the 
absence of hibernation in our studies. Lower glycogen stores 
at this time (compared to the hyperphagic phase) may result 
in hepatic reserves falling below some critical level following 
a 20 hour fast, preventing glucagon from exerting its 
anorexic effect in hypophagic animals. 

Thus, we have demonstrated that glucoprivic induced 
Stimulation of food intake is markedly influenced by the cir- 
cannual rhythm of feeding in the 13-lined ground squirrel. In 
addition, the anorexic or enhancing effects of glucagon on 
food intake is also dependent on seasonal variation in con- 
summatory behavior. These data indicate that when evaluat- 
ing the role of regulatory substances on food intake in spe- 
cies exhibiting circannual rhythmicity in feeding, it is neces- 
sary to conduct the experiments both during the hyper and 
hypophagic phases of the feeding cycle. 
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GHIRALDI, L. L. AND B. SVARE. Postpubertal isolation decreases infanticide and elevates parental care in CS7BL/6J 
male mice. PHYSIOL BEHAV 36(1) 59-62, 1986. —Postpubertal (60 days of age) but not prepubertal (21 days of age) 
isolation reduced the normal tendency of C57BL/6J male mice to kill newborn pups (infanticide) and instead dramatically 
elevated their exhibition of parental care (retrieving of young). These effects were time-dependent in that longer durations 
of isolation (60 days) were more effective than shorter durations (20 days) of individual housing. Postpubertal isolation of 
male mice with previous killing experience also resulted in a reduction in infanticide and an elevation in parental care, but 
these effects were not as dramatic as those observed in naive, nonexperienced animals. The findings are discussed in terms 


of endocrine and neurochemical changes known to accompany isolation in mice. 
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INFANTICIDE, the killing of newborn pups, has been ob- 
served in both sexes in 2 wide variety of mammalian and 
non-mammalian species [~]. Research designed to explore 
the fundamental significance of, and the mechanisms con- 
trolling, infanticide has been particularly illuminating in the 
case of the mouse (for reviews see [3, 13, 21, 23]). In particu- 
lar, genetic [18, 19, 20], hormonal [8, 16, 17], and experien- 
tial factors [4, 14, 24] are known to modulate the appearance 
of this behavior in house mice. 

While studying this behavior in our own laboratory, by 
chance, we observed that isolation profoundly influences the 
display of infanticidal behavior in inbred C57BL/6J male 
mice. Typically, 70 to 80 percent of sexually naive male mice 
will kill a newborn mouse pup (e.g., [19]). However, our 
work shows that postpubertal isolation decreases the likli- 
hood that adult male mice will kill young, and dramatically 
increases the probability that parental behavior will be ex- 
hibited. In the first of a series of three experiments, we 
studied the relationship between the duration of postpubertal 
isolation and the response of C57BL/6J male mice to new- 
born pups. 


EXPERIMENT |! 


Method 


The animals utilized in the following three experiments 
were inbred-derived CS57BL/6J male mice. These animals 
were born and reared in our laboratory at the State Univer- 
sity of New York at Albany and were descendents of animals 





purchased from the Jackson Laboratory, Bar Harbor, ME. 
Litters from timed-mated females were weaned at 21 days of 
age (Day 0 was considered the day of birth) and group 
housed (4-6/cage) with the same sex littermates until testing. 
The animals were housed in 28x 18x13 cm polypropylene 
cages, the floors of which were covered with wood chips. 
Food (Charles River Mouse Chow) and water were provided 
in excess. The temperature was maintained at 24+2°C, and 
the colony room was placed on a 12/12 hour light/dark cycle 
with the lights on at 0600 hr. Behavioral testing was con- 
ducted between 1300 and 1500 hr. 

In the first experiment, 160 adult CS7BL/6J male mice, 
60-70 days of age, were randomly divided into one of four 
groups (N=40/group), each distinguished on the basis of the 
duration of isolation. Separate groups of animals were iso- 
lated for 1, 20, 40, or 60 days. An additional group of 40 
animals was group-housed (5/cage) for 60 days, and served 
as age-matched controls for the animals isolated for 60 days. 
Except for routine maintenance, the animals were not dis- 
turbed until the time of testing. On the appropriate test day, a 
single same-strain pup was placed into each animal’s cage in 
the corner furthest from the area occupied by the adult. 
(Group-housed control males were isolated in individual 
cages one day before the test.) The pup was left in the cage 
for 60 minutes and the adult was scored as either killing 
(biting and sometimes cannibalizing the pup), ignoring (no 
contact with the pup), or retrieving (retrieving the pup to the 
nest site). (Note: Retrieving represents only one aspect of 
parental care in house mice. However, for the purposes of 
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parsimony, we will use the words interchangebly in the text. 
Also, the terms pup-killing and infanticide will be used inter- 
changeably.) 


Results 


Figure la shows the influence of increasing durations of 
postpubertal isolation on infanticide and parental care in 
adult CS7BL/6J male mice. It is evident from the figure that 
postpubertal isolation decreases the incidence of pup-killing 
and increases the display of parental behavior. Moreover, 
this effect appears to be time dependent in that longer dura- 
tions of isolation produced greater effects than shorter dura- 
tions of isolation. Indeed, in contrast to the low level of 
parental care and high level of infanticide observed following 
one day of isolation (5% and 78% respectively), animals iso- 
lated for 60 days showed nearly a complete reversal in these 
behaviors (75% parental and 20% infanticidal). Chi-square 
tests revealed significant duration of isolation effects for the 
proportion of animals exhibiting infanticide and parental be- 
havior (x7(4)=52.4, p<0.001, and x7(4)=65.2, p<0.001, re- 
spectively), but not for those ignoring the pup. For infanticid- 
al behavior, significantly fewer animals killed young follow- 
ing 20, 40, or 60 days of isolation in comparison to animals 
isolated for a single day, x7(1)>=6.5, p<0.01. Also, signifi- 
cantly fewer animals killed pups following 60 days of isola- 
tion in comparison to animals isolated for 20 days, x7(1)=5.6, 
p<0.02. With respect to parental behavior, significantly 
more animals retrieved young following 20, 40, or 60 days of 
isolation in contrast to those isolated for just one day, 
x*(1)>=12.1, p<0.001. In addition, a significantly greater 
proportion of animals retrieved young following 60 days of 
isolation in contrast to those isolated for 20 days, x?(1)=8.6, 
p<0.005. Importantly, advancing age could not explain the 
dramatic effects of isolation-induced changes in infanticide 
and parental care. This follows from the fact that animals 
that were group-housed at 60 days of age for 60 days (e.g., 
testing conducted at 120 days of age), while not different 
from animals isolated for a single day at 60 days of age (i.e., 
high proportions of animals displayed infanticide and low 
proportions exhibited parental care), exhibited significantly 
higher levels of killing and lower levels of parental behavior 
than animals isolated between 60 and 120 days of age 
x*(1)=31.3, p<0.001, and x7(1)=37.9, p<0.001, respec- 
tively). 

In the following experiment, we explored whether or not 
parental care could be elevated and infanticide reduced if 
isolation was imposed during the prepubertal period of de- 
velopment. 


EXPERIMENT 2 
Method 


Eighty male CS7BL/6J mice were randomly divided into 
two separate groups (N=40/group). One group of animals 
was isolated at weaning (21 days of age), while the second 
group of animals was group-housed at weaning (5/cage). 
Sixty days later the animals were tested for their response 
toward newborns as described earlier. (Grouped animals 
were individually housed one day prior to testing.) 


Results 


During the course of the experiment, one of the isolated 
weanlings died, resulting in 39 animals in this group. Figure 
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FIG. 1. The response toward young of CS7BL/6J male mice in Ex- 
periments 1-3. The percentage of C57BL/6J male mice that killed, 
ignored, or retrieved a newborn pup following: (1a) postpubertal 
isolation beginning at 60 days of age for 1, 20, 40, or 60 days or 
grouping for 60 days; (1b) postpubertal isolation or grouping begin- 
ning at 21 days of age and testing 60 days later; and (1c) previous 
killing experience and 60 days of isolation or grouping. Behavioral 
tests consisted of placing a single 1-3 day old CS7BL/6J mouse pup in 
the homecage of the experimental animal for 1 hour. 


GROUPED 
120 DAY 
CONTROL 


1b depicts the response toward young (percentage pf animals 
killing, ignoring, or retrieving newborns) of CS7BL/6J male 
mice following 60 days of isolation initiated during the pre- 
pubertal period. This figure shows that prepubertal, in con- 
trast to postpubertal isolation (cf., Fig. 1a), does not re- 
duce infanticide and elevate parental care (i.e., approx- 
imately 80% of the animals in each group killed young). Chi- 
square tests showed that there were no significant differ- 
ences between the isolated and group-housed males on any 
measure of their response toward newborns. Thus, age of 
isolation appears to be a critical factor in the efficacy of 
isolation in altering the response of males to newborns. 

In the following experiment, we explored whether or not 
postpubertal isolation would reduce infanticide and elevate 
parental behavior in animals with previous killing experi- 
ence. 


EXPERIMENT 3 
Method 


One hundred and two adult male mice were isolated at 60 
days of age and screened for parental behavior one day later. 
Eighty of the animals killed young and were subsequently 
randomly divided into two groups. Forty animals were iso- 
lated and 40 were re-grouped (5/cage) for 60 days. The 
animals were then retested for their response toward new- 
borns as described earlier. (Once again, grouped animals 
were isolated 24 hours prior to testing.) 


Results 


Figure Ic portrays the percentage of experienced infanti- 
cidal male mice that killed, ignored, or retrieved young follow- 
ing postpubertal isolation or grouping. It is evident from the 
figure that, in contrast to grouped experienced killers, iso- 
lated experienced killers exhibited somewhat lower levels of 
infanticide and higher levels of parental care (e.g., 100% vs. 
78% and 0% vs. 23% respectively). Fishers Exact Probability 
test showed that significantly more isolated experienced kill- 





ISOLATION AND PARENTAL BEHAVIOR 


ers exhibited parental behavior than did grouped experi- 
enced killers (p<0.001). Also, significantly more grouped 
experienced killers exhibited infanticide in comparison to 
isolated experienced killers (p<0.005). Importantly, in con- 
trast to the dramatic effects of isolation observed in naive 
(inexperienced killers) males (Experiment 1), individual 
housing was much less effective in reducing killing behavior 
and elevating parental care in experienced infanticidal males 
(c.f., Fig. la). 


DISCUSSION 


In contrast to the spontaneous parental care normally 
exhibited by virgin and lactating female mice toward new- 
borns, the behavior of sexually naive male mice typically is 
to exhibit infanticide (i.e., kill neonates) (e.g., [8, 19, 24]). 
The present findings show that the tendency of C57BL/6J 
male mice to kill young is reduced and female-like parental 
care elevated provided that males are exposed to a period of 
postpubertal isolation. These behavioral changes are de- 
pendent upon the duration of individual housing, the age at 
which isolation occurs, and the extent to which males al- 
ready have engaged in killing behavior toward newborns. 

The time-dependent nature of postpubertal individual 
housing effects on responses toward young is illustrated by 
the fact that, in contrast to animals isolated for a single day at 
60 days of age (e.g., virtually all males kill newborns), signit- 
icant elevations in parental care and reductions in infanticide 
are noted following as little as 20 days of isolation (Experi- 
ment 1). Indeed, following 60 days of individual housing, 
nearly all CS7BL/6J male mice retrieve instead of kill new- 
borns. Because killing behavior is normally exhibited by 
males that are grouped until 120 days of age and then isolated 
for a single day prior to testing (Experiment 1 and [19]), 
factors other than age-dependent developmental changes 
must be invoked to explain the present findings. Inter- 
estingly, our results are reminiscent of other isolation- 
induced behavioral changes noted in male mice. Intermale 
aggression and male copulation are elevated in a time- 
dependent fashion by postpubertal isolation (e.g., [5, 6, 22]) 
and pituitary-adrenocortical and pituitary-gonadal changes 
have been implicated in these behavioral changes (e.g., [2, 
10, 15]). Infanticide in male mice is known to be androgen 
dependent in that castration provokes parental care while 
testosterone (T) replacement therapy reinstates the killing of 
young (for reviews see [7, 20, 21]). Although work in prog- 
ress is designed to explore the extent to which hormones 
from the adrenals and the gonads modulate isolation-induced 
changes in parental behavior, our results ultimately may be 
traced to the well-documented changes in neurotransmitter 
function (especially the catecholamines and serotonin) that 
accompany individual housing in the male mouse (e.g., [1, 9, 
25, 26]). We also acknowledge the possibility that changes in 
other behaviors such as activity might also account for the 
observed isolation-induced shifts in behavioral responses 
toward young. 
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The findings also showed that isolation must be instituted 
during the postpubertal period in order to affect the parental 
behavior of male mice. When long-term (60 days) individual 
housing was instituted during the postweaning, prepubertal 
period, male mice exhibited very high levels of infanticide 
which were comparable to those of grouped controls (Exper- 
iment 2). Apparently, then, in CS7BL/6J male mice, infan- 
ticide can develop in the absence of any postweaning contact 
with conspecifics. In contrast, animals reared to adulthood 
with cagemates and then isolated for a period of time (at least 
20 days) begin to show a reversal in their behavior toward 
newborns from that of infanticide to parental care. Thus, if a 
sensitive period does exist for the effects of isolation on the 
parental behavior of male mice, it apparently does not begin 
until sometime during the postpubertal period. The limits of 
such a hypothetical sensitive period have not, as yet, been 
delineated but ongoing research in our laboratory is designed 
to address this issue. 

It is especially interesting to note that recent research 
shows that sexual experience, like isolation, also dramat- 
ically elevates parental care and reduces infanticide in male 
mice (e.g., [4, 14, 24]). Whether or not these two variables 
work in the same (mechanistic) way to alter the parental 
behavior of male mice is uncertain at this time. Regardless, 
however, responses toward young exhibited by male mice 
apparently are highly susceptible to environmental and 
experiential factors. Along these lines, it is not too surprising 
that our findings (Experiment 3) showed that previous killing 
experience prevented the facilitatory effects of isolation on 
parental behavior. While significant numbers of ‘‘killer”’ 
animals retrieved young following isolation, ‘‘naive’’ (non- 
killer) animals generally were far more affected by individual 
housing. 

We are not the first to explore the effects of isolation on 
responses toward young displayed by male mice. In a recent 
report, Brooks and Schwarzkopf [4] reported that 56-70 days 
of postpubertal isolation did not substantially alter the man- 
ner in which C57BL/6J male mice responded to newborns 
(i.e., the animals exhibited infanticide). In their study, exper- 
imental males were removed from the homecage and then 
placed into the cage of a recently parturient female with 
young. This method of testing contrasts sharply with our 
procedure (i.e., placement of a pup into the homecage of the 
experimental male) and therefore may explain the differ- 
ences between the two results. 

To our knowledge, there is no precedent in the literature 
for isolation-induced enhancement of parental behavior in 
males or females of any species. In fact, research in this area 
is restricted to primates and generally shows that prolonged 
isolation produces severe deficits in the responses of females 
to newborns (e.g., [11]). Clearly, conclusions based upon 
inbred animals (C5S7BL-6J) of a single species (Mus mus- 
culus) used in the present investigation are tenuous and the 
generality and reliability of our findings must await addi- 
tional research. 
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ALZHEIMER’S disease (AD) or senile dementia of the Alz- 
heimer’s type (SDAT) is the most prevalent dementing dis- 
order of later life [20]. AD/SDAT is a progressive disorder 
characterized neuropathologically by neuritic plaques, 
neurofibrillary tangles (NFT), and granulovacuolar degen- 
eration. The disorder is usually signalled clinically by a 
gradually increasing loss of recent memory, followed by a 
deterioration of cognition, memory, and personality. Psy- 
chiatric symptoms such as irritability, depression, and 
paranoia are often seen [1,3]. 

In recent years a number of research efforts have pointed 
to the possible involvement of aluminum in at least some 
cases of AD/SDAT. For example, elevated concentrations of 
aluminum have been found in some brain regions of 
AD/SDAT patients [5, 6, 21]. Aluminum was found in a high 
percentage of NFT neurons while the element was almost 
never detected in adjacent normal-appearing neurons in 
samples from AD/SDAT victims and elderly controls [13]. 
Aluminum intoxication has also been suggested to play a role 
in at least some cases of dialysis dementia characterized by 
an insidious onset of altered behavior, dementia, speech dis- 
turbance, and seizures [7]. High serum levels of aluminum in 
aged humans were found to be associated with impaired 
visuo-motor coordination, deficient long-term memory, and 
increased flicker sensitivity [2]. 

Injections of aluminum chloride into the brains of cats 
induced neurofibrillary degeneration in selected regions and 
an impairment of both short term retention and a conditioned 
avoidance response [4]. Rabbits injected intraventricularly 
with aluminum tartrate showed deficits on both the learning 
and retention of a step-down active avoidance task [18]. 

By contrast, King, De Boni and Crapper [12] reported 





that at brain concentrations five or six times that used in 
cats, aluminum-injected rats did not show neurofibrillary de- 
generation or more than a slight depression in ability to learn 
a conditioned avoidance response. Oral administration of 
aluminum to rats has resulted in behavioral change, how- 
ever. Aluminum was found to be absorbed and deposited in 
the brain in a study in which it was administered in varying 
doses by intubation [2]. High levels were associated with 
increased activity, decreased roto-rod performance, and in- 
creased sensitivity to flicker. Hinz and Dufort [9] reported 
that aluminum administered to rats in the form of an aqueous 
solution of Amphojel (an antacid containing aluminum hy- 
droxide) resulted in poor performance on an eight-arm radial 
maze relative both to the rats’ preadministration perform- 
ance and to control behavior. In a later study, Hinz [8] both 
replicated and extended her earlier work. In addition to re- 
ceiving Amphojel, some groups received lecithin in an effort 
to increase the brain’s supply of choline. The authors con- 
cluded that an optimal dose of lecithin negated the deleteri- 
ous effect of aluminum on memory. 

Unfortunately, Hinz and Dufort [9] and Hinz [8] were 
unable to perform an analysis of brain aluminum content, 
and, without this analysis, it is impossible to attribute the 
observed memory deficit to the effects of neural incorpora- 
tion of aluminum. The purpose of the present study was to 
remedy this defect. Thus, adult rats were fed ground rat 
chow for 30 days containing one of four different levels of 
added aluminum hydroxide and were tested for muricidal 
behavior, open-field activity, passive-avoidance (PA) learn- 
ing, and discrimination-reversal learning. Brain aluminum 
content was assayed and correlated with behavior. 


!The research was in part supported by a grant from the Mississippi Agricultural and Forestry Experiment Station to Denis Medeiros 
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METHOD 
Subjects 


The subjects were 32 adult male Long-Evans hooded rats 
drawn from the animal colony maintained by the Psychology 
Department at Mississippi State University. Prior to use in 
the experiment, animals were multiply housed. The rats 
were assigned by weight to the following treatment groups: 
no added aluminum (Group NA); low aluminum, aluminum 
hydroxide added to finely ground Purina rat chow to produce 
an average daily intake of 1513 mg/kg of body weight (Group 
LA); moderate aluminum, average daily intake of 2697 mg/kg 
(Group MA); high aluminum, average daily intake of 3617 
mg/kg (Group HA). The average weight prior to dietary ma- 
nipulation was 547.4 g. 

After group assignment, rats were singly housed in stain- 
less steel cages measuring 2417.8 18.2 cm. Each animal 
was given a daily food allotment of 40 ml placed in a glass jar 
attached to the front of its cage. The actual amount con- 
sumed was determined daily for the 30 days in which the 
treatment was in effect. At the end of 30 days, the animals 
were returned to Purina lab pellets and behavioral testing 
began. The rats were housed in a room with a 12:12 light- 
dark cycle, and all testing took place during the light portion 
of the cycle. 


Procedure 


On the day following the end of exposure to the experi- 
mental diets, all rats were tested for mouse-killing behavior. 
For the test, an albino mouse was placed into the cage of 
each rat, and the incidence of killing and the latency to kill 
were observed for 20 min. At the end of 24 hr, any live mice 
or the remains of dead ones were removed from the cage. 
Any kills taking place after the observation period were as- 
signed a latency of 24 hr. 

Each animal was given three open-field activity tests at 
weekly intervals, the first test occurring on the day the 
muricidal test was terminated. The apparatus used to meas- 
ure open-field activity was a 76.2 76.2 x 25.4 cm box painted 
flat black with a floor divided by white lines into 25 equal 
squares. The top was covered with wire mesh. Animals were 
placed singly onto the center square, and the number of 
squares crossed with the hindlegs and the number of rearings 
(standing on the hindlegs) recorded during a 1-min session. 

On the day following the first open-field activity tes’ 
training began on the passive-avoidance task. Rats were 
trained and tested in a two-chambered apparatus with 
plywood sides, a plywood floor in the anterior chamber, and 
a grid floor in the posterior chamber. The dimensions of the 
anterior chamber were 24.712.7x30.7 cm while the 
posterior box measured 30.5<26.7x29 cm. Training con- 
sisted of first placing each rat into the lighted (single 15 W 
bulb) anterior compartment which was separated from the 
posterior compartment by a guillotine door. After a 3-sec 
period, the door was raised to allow the rat to enter the 
unlighted posterior chamber. Latency to leave the lighted 
chamber was recorded. Entry into the darkened compart- 
ment resulted in the lowering of the guillotine door and the 
application of a 3-sec, 1 mA footshock. The subject was then 
removed from the apparatus and returned to its cage to await 
retention testing. 

Twenty-four hours later, each rat was placed into the 
anterior chamber, the guillotine door opened, and the la- 
tency to enter the darkened chamber recorded. The retention 
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test was terminated either upon the animal’s entry into the 
posterior compartment or when the animal had remained in 
the lighted chamber for 3 min. 

On the day following completion of PA retention testing, 
training began on the discrimination-reversal task. The dis- 
crimination apparatus was a Thompson-Bryant two-choice 
box from which the choice chamber had been removed, leav- 
ing a startbox and goalbox. The startbox had a grid floor 
through which footshock could be administered to motivate 
the animal. The shock was administered through a ‘* VOLT- 
BOX’’ (Superior Electric Co., Bristol, CT) set at 30 dial 
volts. A Plexiglas door separated the start area from a 7.6 cm 
grid in front of two openings to the goalbox. The doors to the 
goalbox were blocked by 10.2 16.5 cm stimulus cards. Each 
stimulus card consisted of heavy posterboard on which was 
pasted either a piece of black or a piece of white construction 
paper. In order to prevent the animal from using olfactory 
cues to make the discrimination, the cards were inserted into 
clear plastic sleeves which were washed with water after the 
testing of each animal. Painted gray cards were used during 
the preliminary training. 

Preliminary training consisted of five trials in which an 
animal was forced to leave the startbox and push aside a gray 
card to enter the goalbox. On the following day, practice on 
the discrimination training (white-black) began. On each 
trial, the subject was placed into the startbox for 5 sec. After 
5 sec, the Plexiglas door was raised, and the animal was 
given approximately 10 sec in which to make a choice. If the 
rat chose the black card, a mild footshock was administered, 
while choice of the white card allowed the animal to enter the 
goalbox. The position of the cards, but not the plastic 
sleeves, was varied according to a modified Gellerman se- 
quence, with a correction procedure employed. All subjects 
were given 10 trials per day, with an intertrial interval of 
about | min. Training continued until the subject reached a 
criterion of 9 correct responses in 1 day. The number of 
errors an animal made prior to the day criterion was attained 
constituted the measure of learning ability. 

On the day after a rat reached criterion on the original 
discrimination, reversal training began. On the first reversal, 
each rat was trained to approach the black card and to avoid 
the white card. Training on the reversal problem continued 
until each rat attained the original criterion of 9 correct in 10 
trials. Animals which reached criterion relatively quickly on 
the first reversal problem were trained on subsequent rever- 
sals until all animals had attained the criterion on the first 
reversal. 

Following completion of the reversal task, all animals 
were weighed and sacrificed with an overdose of chloral hy- 
drate. Brains were quickly extracted and dissected into three 
portions consisting of neocortex dorsal to the rhinal fissure, 
hippocampus, and the rest of the brain minus the olfactory 
bulbs. 


Analysis of Brain Aluminum Content 


Brain sections were weighed, placed in acid-washed glass 
beakers, and dried in a vacuum oven for at least 48 hr at 37°, 
25 psi. After drying, tissues were digested once in 10 ml of 
nitric acid followed by another digestion with 10 ml nitric 
acid and 2 ml 30% hydrogen peroxide. Digested hippocam- 
pus sections were transferred to 5 ml volumetric flasks and 
diluted with deionized-distilled water while cortex and 
rest-of-brain sections were put in 10 ml flasks and diluted. 

Tissue aluminum concentrations were determined using a 
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Perkin-Elmer graphite atomic absorption spectrophotometer 
(Model No. 400, Perkin-Elmer Corp., Norwalk, CT). As 
suggested by the manufacturer, a wavelength of 309.3 nm 
and a slit of 0.7 nm were used. Standards were prepared 
daily from aluminum potassium sulfate (Fisher Scientific 
Co., Fairlawn, NJ). A standard curve in the linear range was 
prepared to determine concentrations of aluminum in brain 
parts. Data were expressed in parts per million (ppm). Total 
brain aluminum concentration was calculated from the brain 
parts. 


RESULTS 


Brain Aluminum Content 


There were no significant differences in aluminum con- 
tent of the neocortical sections, and the group means are 
shown in Table 1. 

A Kruskal-Wallis one-way ANOVA by ranks on the 
aluminum content of hippocampal sections resulted in a 
value which approached statistical significance, x7(3)=7.469, 
p=0.058. Although not strictly valid since the result of the 
Kruskal-Wallis test only approached the value required for 
significance, Mann-Whitney comparisons revealed that 
Group NA had significantly less aluminum than Group HA 
U=11, 2-tailed p=0.0281) and that Group MA had signifi- 
cantly less than Group HA (U=8, 2-tailed p=0.0104). The 
group means appear in Table 1. 

There were no significant differences either for rest-of- 
brain comparisons or for whole brain comparisons, and the 
group means are shown in Table 1. 

A nonparametric comparison of aluminum incorporation 
across brain areas resulted in evidence for significant differ- 
ences, x*(2)=53.50, p<0.01. Pairwise comparisons revealed 
that hippocampal samples had significantly more aluminum 
than either neocortical or rest-of-brain samples (p<0.001). 
The neocortex samples contained more aluminum than the 
rest-of-brain samples (p=0.0178). The means are shown in 
Table 1. 


Body Weight, Mouse Killing 


There were no significant differences in body weight at 
sacrifice and the group averages in grams (+SEM) were: 
Group NA, 581.2+27.6; Group LA, 556.8+ 16.2; Group MA, 
565.3+19.1; Group HA, 561.9+21.4. Most animals gained 
weight over the course of the experiment (24/29), and the 
average weight gain was 19.3+3.6 g. There were no signifi- 
cant group differences in weight gain. In addition, the groups 
did not differ in food intake during the period of exposure to 
aluminum (F<1). The group means were: NA, 25.53+0.78; 
LA, 24.55+0.63; MA, 26.06+0.75, HA, 25.98+0.87. 

Mouse killing was not influenced by aluminum ingestion, 
and only one of 32 rats killed. 


Open-Field Activity 


There were no significant differences between groups on 
either horizontal or vertical (rearing) behavior at any of the 
three test periods, and the group means were quite similar. 
There was no evidence for habituation to the open-field 
apparatus, probably because the testing occurred at weekly 
intervals. 

Virtually all (14 of 16) of the correlations between brain 
aluminum content and activity in the open field were nega- 
tive, i.e., high aluminum was associated with decreased ac- 
tivity. Three correlations were significant: neocortical alu- 
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minum with horizontal activity in the first test, r=—.345, 
p=0.027); neocortical aluminum with rearing in the second 
test, r=—.352, p=0.024; whole brain aluminum with rear- 
ing in the second test, r=—.331, p=0.032. 


Passive Avoidance 


There were no significant differences between groups on 
latency to leave the lighted chamber on either the training or 
the test trial, and the comparison of first day-second day 
difference scores was not significant. The median group 
difference scores in seconds were: Group NA, —35.5; 
Group LA, —55.25; Group MA, —79; Group HA, —43.5. 
Several animals in each group failed to leave the lighted 
chamber on the test day (three each in Groups NA, LA and 
HA; four in Group MA), earning latencies of 180 sec. The 
groups did not differ on this measure. 

Correlation coefficients were computed between alumi- 
num content in the different brain areas and PA perform- 
ance, and three were found to be significant. On the training 
day, greater aluminum content of the neocortex was associ- 
ated with a longer latency to leave the anterior chamber 
(r=.39, p=0.014). Of greater importance, aluminum content 
of the hippocampus was associated with both latency to 
leave on the test day and difference scores (r= —.29, p=0.057; 
r=—.30, p=0.047; respectively). Thus, higher levels of hip- 
pocampal aluminum were related to shorter latencies to 
leave the lighted chamber and to smaller differences in la- 
tency between the training day and the test day. 


Discrimination Reversal 


There were no significant differences between groups on 
either the first discrimination (white positive) or the first 
reversal (black positive). The mean errors to criterion on the 
first discrimination were: Group NA, 18.75+1.79; Group LA, 
15.75+ 1.89; Group MA, 14.38+1.38; Group HA, 19.13+3.95. 
For the reversal the means were: Group NA, 41.00+4.60; 
Group LA, 45.63+5.91; Group MA, 42.88+7.62; Group HA, 
59.50+ 11.70. 

Some animals in each group were able to achieve criterion 
on a second and third reversal. Group HA animals were 
found to differ significantly from Group NA rats on the 
number of reversals beyond the first on which criterion was 
achieved. Thus, the NA rats achieved criterion on 6 of a 
possible 16 reversals (2 reversals times 8 animals) while the 
HA rats met criterion on | of 16 (Fisher Exact Probability, 
p<0.0415). 

Brain aluminum content was correlated with performance 
on the discrimination-reversal task. On the first discrimina- 
tion task whole brain aluminum content was significantly 
related to error scores (r=.43, p=0.007) while the 
probabilities of correlation coefficients approached accept- 
able significance levels for each of the other brain areas 
(neocortex, r=.28, p=0.06; hippocampus, r=.27, p=0.067; 
rest-of-brain, r=.29, p=0.052). On the first reversal task 
aluminum content in the rest-of-brain samples was signifi- 
cantly related to error scores (r=.57, p=0.001). 


Incidental Observations 


Aluminum-fed animals appeared normal relative to con- 
trol rats. There was no evidence for the aluminum-induced 
encephalopathy observed in other species when aluminum 
salts are injected into the brain. 
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TABLE 1 


MEAN ALUMINUM CONTENT IN PPM IN DIFFERENT BRAIN 
REGIONS (MEAN + SEM) 





Brain Area 


Group Neocortex Hippocampus Rest-of-Brain Whole Brain 





NA 7.45 + 3.38 25.43 + 10.64 


LA 
MA 
HA 
Overall 


6.92 + 1.65 
9.75 + 2.65 
6.11 + 1.62 
7.56 + 1.18 


38.38 + 14.22 
17.72 + 4.33 
56.77 + 21.96 
34.57 + 7.29 


3.48 + 0.71 6.01 + 1.36 
+ 


2.74 + 0.42 
4.66 + 0.72 
7.302201 
4.55 + 0.65 


5.85 + 1.43 
6.49 + 1.25 
9.49 + 1.77 
6.96 + 0.74 





DISCUSSION 


The results of the present study are in agreement with 
animal research in which exposure to aluminum has resulted 
in changes in behavior (e.g., [2, 4, 18]). For the most part, 
the changes in behavior associated with brain aluminum con- 
tent in the present report were changes in memory and learn- 
ing ability. 

Specifically, we found that greater levels of hippocampal 
aluminum were correlated with decreased latencies to enter 
the shock chamber in the PA test, i.e., with relatively poor 
performance on the task. It could be argued that short laten- 
cies on the PA task do not reflect poor retention but rather an 
increase in activity level. That is, an increase in activity 
might force an animal to leave the anterior chamber of the 
apparatus even though it remembered the shock from the 
training trial. However, in an independent measure of activ- 
ity (open-field tests) it was found that high aluminum was 
associated with decreased activity in the open-field tests. 
This result contrasts with the Bowdler et al. [2] report of 
increased activity after intubation of aluminum. 

Similarly, high aluminum levels were correlated with in- 
creased error scores on the discrimination-reversal task. In 
addition, animals in Group NA were able to attain the crite- 
rion of learning on a greater number of reversals than rats in 
Group HA. 

There were very few group differences in the present 
study despite the fact that there were large differences in the 
amount of aluminum ingested across groups. The lack of 
group differences in behavior was paralleled by minimal 
group differences in brain-part aluminum content, although 
the group means were usually in the right direction (e.g., for 
whole brain content, Groups NA and LA had very similar 
means, Group MA had a slightly higher mean, and Group 
HA had the highest mean). More lengthy exposure might 
have resulted in greater differentiation of the groups since 
the means were usually in the right direction. 

One methodological criticism that might be leveled at this 
experiment is that all animals were tested on both the PA and 
discrimination-reversal tasks. Specifically, it might be 
argued that the PA pretraining might have sensitized the 
animals to the shock on the subsequent shock-motivated 
task. We don’t feel this is a valid criticism for several rea- 
sons. First, the 3-sec 1 mA footshock all animals received 
in the PA task should have had a negligible effect on behavior 
compared to the multiple, daily footshocks rats received dur- 
ing discrimination-reversal training. 

Also, most rats showed relatively poor retention of the 
single footshock in the PA task as evidenced by their per- 
formance on the test day in the apparatus. Thus, only 13 of 


32 animals stayed in the anterior chamber for 3 minutes on 
the test trial. 

But the most telling evidence against this potential criti- 
cism comes from research from my laboratory. In at least 
two earlier studies, animals of the Long-Evans strain were 
trained on the visual discrimination task without having had 
previous experience with the PA task or with footshock 
[21,22]. In a study on the effects of the pesticide mirex on 
behavior [21], mirex had no effect on visual discrimination 
learning and the average number of errors to criterion for 
two groups was 13.8 with a range from 12.9 to 14.6. In an 
experiment in which killer and nonkiller rats were compared 
[22], the average number of errors to criterion on the visual 
discrimination task was 16.2 with a range from 16.0 to 16.33. 
In the present experiment, the average number of errors to 
criterion on the first discrimination was 17 with a range from 
14.4 to 19.1 . Given the similarity in the means, the overlap in 
the ranges, and the small sample sizes, it seems unlikely that 
the footshock in the PA task affected behavior on the visual 
discrimination tasks. 

The results of the present study are similar to the first 
experiment in a report by King ef al. [12]. In King et al.’s. 
experiment, rats injected intracranially with aluminum 
chloride made fewer avoidance responses on a conditioned 
avoidance task and required more trials to criterion than 
controls. However, the differences were not significant due 
to intragroup variance. The authors also reported that there 
was incomplete control of the independent variable, i.e., 
high variability in brain aluminum content. As in the present 
study, King et al. found significant correlations between 
brain aluminum content and performance measures with 
higher aluminum levels associated with poorer performance 
on the conditioned avoidance response. 

There are several possible explanations for the lack of 
clearly defined differentiation of the groups in terms of brain 
aluminum content in the present experiment. One has to do 
with the age of the animals and with pretreatment housing. 
The subjects were relatively old (more than eight months) 
and were housed after weaning in galvanized cages until the 
beginning of this study when they were transferred to stain- 
less steel cages. Since aluminum is so widely distributed in 
the environment (e.g., [24]), it is quite possible that the 
animals in this study had extensive pretreatment exposure. 
Future studies should take precautions to limit the extrane- 
ous exposure. 

Because of the ubiquitous distribution of aluminum, it is 
also possible that the brain samples were contaminated at the 
time of their removal and/or analysis. Crapper et al. [6] listed 
as sources of contamination room dust, tap water, paper 
towelling, and soap. While it is certainly possible that ex- 
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traneous sources could have contributed to higher aluminum 
levels observed than were actually incorporated by manipu- 
lation of the independent variable, the contamination should 
have affected the different groups in a random fashion since 
brain samples from all groups were processed at the same 
time. In addition, the finding of significant correlations be- 
tween brain-part aluminum content and several aspects of be- 
havior would seem to rule out contamination of the samples as a 
source of variability between groups. 

In this study exceptionally high concentrations of alumi- 
num were found in hippocampal tissue. Previous studies in- 
volving animals exposed to excess aluminum have not re- 
ported differential incorporation in the hippocampus (e.g., 
(2, 4, 12, 18]). In a study [6] in which the brains of AD/SDAT 
victims were assayed for aluminum, two subjects had 
neurofibrillary degeneration (NFD) restricted to the 
parahippocampal-hippocampal region and to the orbital fron- 
tal cortex. Each subject had elevated aluminum concentra- 
tions in the regions with extensive NFD. Some methodolog- 
ical differences that might account for our finding of exces- 
sive hippocampal aluminum and the failure of others to find 
it include testing of different species, sampling of different 
brain areas, and differences in the route of administration of 
the aluminum. 

The finding of a concentrating of aluminum in the hip- 
pocampus is interesting in light of the reports that the hip- 
pocampus has a selective affinity for other metals including 
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both lead and zinc (e.g., [16]). Early exposure to lead, in 
particular, has a deleterious effect on the developing hip- 
pocampus and results in behavioral changes reminiscent of 
hippocampal dysfunction [17]. Hippocampal dysfunction re- 
sults in deficits on tasks such as passive avoidance, one-way 
active avoidance, DRL and extinction, and visual discrimi- 
nation reversal (e.g., [10,11]). Some of our findings are also 
indicative of hippocampal dysfunction: i.e., high hippocam- 
pal aluminum levels were associated with poor performance 
on the PA task; relatively poor performance on the discrimi- 
nation reversal. 

There is a wealth of evidence implicating hippocampal 
impairment in age-related memory disturbance and memory 
dysfunction in AD/SDAT victims. For example, examination 
of brains of AD/SDAT victims revealed dense NFT, senile 
plaques and cortical neuronal degeneration, particularly in 
hippocampal, frontal and medial-temporal regions (e.g., 
[19]). Choline acetyltransferase activity is correlated with 
degree of cognitive loss in aged humans [15] and has been 
found to be decreased in hippocampus and other areas in the 
brains of AD/SDAT victims [14]. 

Despite the apparent lack of effect of brain injections of 
aluminum in rats [12], the present study and others [2, 8, 9] 
have shown that oral administration is effective in altering a 
variety of behaviors. Further research is planned in which 
animals will be exposed to aluminum at an early age over a 
longer period of time. 
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ARAKI, H. AND H. AIHARA. Effects of neuroleptics on hippocampal stimulation-induced ‘wet-dog shaking’ in rats. 
PHYSIOL BEHAV 36(1) 69-74, 1986.—The relationship between wet-dog shaking (WDS) and after-discharge (AD), and 
the effects of neuroleptics on WDS and AD elicited by hippocampal stimulation, were investigated. AD elicited by 
hippocampal stimulation consisted of primary and secondary phases. The intensity of the WDS during a 150 sec observa- 
tion period showed two peaks. The intensity of WDS was reached at the Ist and 2nd peak in the Ist and the 2nd phase of 
AD, respectively. Haloperidol and chlorpromazine significantly and dose-dependently blocked the appearance of WDS. In 
particular, the number of WDS decreased during the early Ist phase and the 2nd phase of AD, after hippocampal stimula- 
tion. When the hippocampus was stimulated at intervals of 24 hr for 3 successive days a week, the number of WDS during 
10-40 sec after stimulation decreased gradually and a small peak appeared during 40-60 sec in the 3rd and 4th week group. 
This pattern is similar to that seen in the chlorpromazine- and haloperidol-injected group. The possibility that seizure 
susceptibility, when the hippocampus is stimulated repeatedly, mimicks findings in case of blockage of dopaminergic 
function by the injection of neuroleptics, has to be considered. 
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Afterdischarge 


Neuroleptics Kindling 





AFTER-DISCHARGE (AD) is readily induced by electrical 
stimulation to the hippocampus [7] and daily, brief electrical 
hippocampal stimulation eventually results in generalized 
convulsion (‘kindling effect’) [11,18]. We [1] reported that 
hippocampal stimulation induced a characteristic AD in var- 
ious brain regions and a wet-dog shaking behavior (WDS). 
WDS, evidenced by paroxysmic shaking of the head, neck 
and trunk, reminiscent of purposeful movement in dogs, is a 
useful animal model for quantifying serotoninergic activity in 
the brain [3,26]. Recently, it is reported that various drug- 
induced WDS may not always be dependent on increased 
serotoninergic activity in the brain [4, 10, 13, 25, 27]. How- 
ever, this body shaking behavior is inhibited by dopaminer- 
gic antagonists. Yamada et al. suggested that dopaminergic 
function might be involved in a common mechanism of body 
shaking [28]. 

The kindling effect does not result from a localized his- 
tological change at the stimulated site, but rather depends 
upon widely disseminated neuro-circuits being constructed 
trans-synaptically [19]. Several experiments indicated that 
brain catecholamines play an inhibitory role in the develop- 
ment of seizure discharge and behavioral convulsions in 
kindling [2, 6, 17]. Sato et al. [20] reported that dopamine 
receptor sensitivity is an important factor in the kindling 
effect. It is considered that each hippocampal stimulation 
gradually changes the neuro-circuits and eventually results 
in generalized convulsion. Therefore, it is conceivable that 
dorsal hippocampal stimulation-induced WDS may also be 
related to changes in neurotransmitters. Data obtained in 


several investigations on WDS induced by hippocampal, 
amygdaloid and septal stimulation have been reported [14, 
15, 16, 24). However, though the relationship between kin- 
dling and neurotransmitter has been well studied, the mech- 
anisms involved are still poorly understood. 

The present investigations were done to investigate the 
relationship between AD and WDS, and to study the effects 
of neuroleptics with dopaminergic receptor blocking effect 
[5,12], in WDS and AD elicited by hippocampal stimulation. 


METHOD 
Animals 


Male Wistar rats weighing 250-300 g at the time of 
surgery, were housed in an air-conditioned room at 22+1°C 
with a 12 hr light-dark schedule (lights on at 7:00). Food and 
water were given ad lib during the experimental period. 


Surgery and Experimental Procedure 


The animals’ heads were fixed in a stereotaxic instru- 
ment. Pentobarbital-Na (50 mg/kg IP) was the anesthesia 
given and bipolar stainless steel electrodes (tip diameter: 0.2 
mm; uninsulated length: 0.5 mm; polar distance: 0.5 mm) 
were chronically implanted in the hippocampus (anterior 
(A): 3.2 mm; lateral (L): 2.8 mm; horizontal (H): 2.5 mm), 
amygdala (A: 5.4; L: 3.5; H: —2.5) and the frontal cortex, 
according to the De Groot’s brain atlas [8]. Following 
chronic implantation of the electrodes, 2 weeks were allowed 
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FIG. 1. The patterns of wet-dog shaking (WDS) elicited by hip- 
pocampal stimulation. WDS was counted in 10 sec intervals over a 
duration of 150 sec immediately following hippocampal stimulation. 
The dorsal hippocampus was stimulated for 5 sec at intervals of 7 
days. 


for surgical recovery before starting the experiments. The 
animals were transferred to an open-topped Plexiglas con- 
tainer (38x 40x45 cm) placed in a sound-proof shielded cage 
and were allowed to adapt to the new environment for 5—10 
min prior to stimulation. The electroencephalogram (EEG) 
and AD were recorded on a polygraph and the behavior ob- 
served. The hippocampus was stimulated for 5 sec with a 
square wave pulse (60 Hz in frequency, 1.0 msec in dura- 
tion). The threshold for AD was determined according to our 
procedure [1]. If AD was not induced by the 1.0 V stimulus, 
the stimulating voltage was increased by 0.2 V until AD was 
induced. After determining the threshold for AD, electrical 
stimulation was carried out at this intensity. WDS was 
counted in 10 sec intervals over a period of 150 sec im- 
mediately following hippocampal stimulation. In the first ex- 
periment, the hippocampus was stimulated only once a week 
for 4 weeks. In the second experiment, the hippocampus was 
stimulated at intervals of 24 hr for 3 successive days a week 
and this schedule was repeated for 4 weeks. The number of 
WDS in 10 sec intervals was expressed as the mean number 
during 3 successive days. In the third experiment, the hip- 
pocampus was stimulated only once a week. In the first 
week, the number of WDS was counted and rats were sepa- 
rated into several groups. There were no differences in the 
number of WDS. At the 2nd and 3rd weeks, the drugs were 
administered. 


Drugs 


The drugs used in this study were haloperidol (Serenace, 
Dainippon), chlorpromazine (Contomine, Yoshitomi), di- 
azepam (Serucine, Takeda), imipramine (Tofranil, Ciba- 
Geigy) and phenobarbital (Phenobal, Fujinaga). These drugs 
were injected IP 30 min before hippocampal stimulation. 


RESULTS 


The Time Course of Hippocampal Stimulation-Induced 
WDS 


In the first experiment, the hippocampus was stimulated 
only once a week for 4 weeks. The rats were immobile for a 
few seconds after hippocampal stimulation and showed 
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WDS. Figure 1 shows the time course of hippocampal 
stimulation-induced WDS. Although the hippocampus was 
stimulated once weekly, the time course and the number of 
WDS were fairly consistent from the first to at least the 4th 
stimulation. The intensity of WDS reached the Ist peak in 
10-20 sec, and the 2nd peak in 80-90 sec and then disap- 
peared up to 2 min after the stimulation. The number of WDS 
during a 150 sec observation period was 10.0+2.0 
(mean+S.E.). In the EEG, AD elicited by hippocampal 
stimulation consisted of primary and secondary phases (Fig. 
2). AD was elicited immediately after hippocampal stimula- 
tion and AD in the hippocampal lead disappeared after 10-20 
sec, then AD extended to other brain structures. AD in the 
amygdaloid lead disappeared 40-50 sec after the hippocam- 
pal stimulation. There was no seizure period followed for 
10-20 sec and the spike waves were seen again in the hip- 
pocampal and amygdaloid lead 70-90 sec after stimulation. 
In the second experiment, the hippocampus was stimu- 
lated at intervals of 24 hr for 3 successive days a week. One 
out of 8 rats showed clinical manifestations of kindling at the 
10th trial. There was mouth movement and head nodding, 
and the high amplitude spike waves appeared in the amyg- 
dala. However, electrographic and behavioral patterns were 
consistent from the first trial to 12th trial, in 7 out of 8 rats. 
The total number of WDS decreased gradually during 4 
weeks. Figure 3 shows the time course of hippocampal 
stimulation-induced WDS, in this schedule. The number of 
WDS during 10—40 sec after hippocampal stimulation gradu- 
ally decreased, but during 40-60 sec did not change during 4 
weeks. Namely, a small peak appeared during 40-60 sec 
after hippocampal stimulation in the 3rd and 4th week group. 


Effects of Psychotropic Drugs on WDS and AD Elicited by 
Hippocampal Stimulation 


In the third experiment, the effects of psychotropic drugs 
on the number of WDS elicited by hippocampal stimulation 
were studied. Neuroleptics, such as chlorpromazine and 
haloperidol caused a marked and dose-dependent reductive 
effect on WDS. Patterns of WDS were also changed by pre- 
treatment with neuroleptics (Table 1). Figure 4 shows a typi- 
cal pattern of WDS in a rat pretreated with chlorpromazine. 
The number of WDS during 10-40 sec and 80-100 sec after 
hippocampal stimulation decreased significantly. A small 
peak appeared during 50-60 sec after stimulation. These pat- 
terns were almost the same as seen in case of chlor- 
promazine given in a dose of 5 and 10 mg/kg or haloperidol in 
a dose of 0.2-1.0 mg/kg. Figure 5 shows the effect of haloper- 
idol on AD and the appearance of WDS elicited by hip- 
pocampal stimulation. 

Diazepam, imipramine and phenobarbital also decreased 
the number of WDS. A typical pattern of WDS in a rat pre- 
treated with phenobarbital is shown in Fig. 6. The number of 
WDS during 10-60 and 80-100 sec after hippocampal stimu- 
lation decreased. A small peak did not appear during 50-60 
sec after stimulation. These patterns were much the same as 
seen in case of diazepam and imipramine. 


DISCUSSION 

In the first experiment, the number of WDS during the 
150 sec observation was constant for 4 weeks when the hip- 
pocampus was stimulated once weekly. AD in amygdala and 
hippocampus elicited by hippocampal stimulation consisted 
of two phases. The appearance of WDS paralleled the occur- 
rence of amygdaloid AD. Namely, the intensity of WDS was 
reached at the Ist and 2nd peak in the first and the second 
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FIG. 2. The relationship between afterdischarge and wet-dog shaking (WDS) elicited by hippocampal 
stimulation in a rat. L-FC: left frontal cortex; R-AM: right amygdala; L-HC: left hippocampus. @, the 
appearance of WDS. 200 x V on the vertical scale and 5 sec on the horizontal scale are as indicated at 
right hand bottom. Abbreviations and scales are the same for other figures. 
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FIG. 3. The pattern of wet-dog shaking (WDS) elicited by hip- 
pocampal stimulation. The hippocampus was stimulated at intervals 
of 24 hr for 3 successive days a week. The number of WDS in 10 sec 
intervals expressed the mean number of 3 successive days. 


phase of AD, respectively. Racine et al. [18] reported that 
dorsal hippocampal-stimulated rats had WDS during the dis- 
charges. However, it is conceivable that WDS is not driven 
by hippocampal AD since it appeared even during the silent 
period following the primary AD in the hippocampus. There- 
fore, other areas with neuronal connections to the hip- 
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FIG. 4. Effect of chlorpromazine on the patterns of wet-dog shaking 
(WDS) elicited by hippocampal stimulation. Chlorpromazine was 
injected (IP) 30 min before hippocampal stimulation. The number of 
WDS counted in 10 sec periods over a duration of 150 sec. 


pocampus may play important roles in the occurrence of 
WDS. One area may be the amygdala, since WDS was seen 
when AD appeared in the amygdaloid lead. Additional in- 
vestigations are necessary to clarify the region related to the 
occurrence of WDS. 

In the second experiment, when the hippocampus was 
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FIG. 5. Effect of haloperidol regarding after-discharge elicited by hippocampal stimulation. Haloperidol was injected (IP) 30 min before 
hippocampal stimulation. The symbol (@) shows the appearance of wet-dog shaking. 


TABLE 1 


EFFECTS OF PSYCHOTROPIC DRUGS ON WET-DOG SHAKING 
(WDS) ELICITED BY HIPPOCAMPAL STIMULATION 





Dose 
(mg/kg IP) 


Number of WDS 


Drugs % of control (mean + S.E.) 





control 100 
chlorpromazine 65.96 + 7.36 
29.79 + 5.174 
1.10 + 1.104 


74.15 + 6.30 
Seer & S.15* 
28.71 + 6.48¢ 


69.93 + 6.93 
43.03 + 6.907 
6.02 + 2.114 


59.82 + 6.89 
10.0 49.85 + 8.847 


phenobarbital 10.0 76.79 + 7.39 
20.0 27.90 + 8.40% 


haloperidol 


diazepam 


imipramine 





The number of WDS in control rats was 12.1 + 1.6. Each value is 
the mean for 8 animals. The significance of the differences from the 
control was assessed using the two-tailed Student’s f-test. 

*p<0.05, tp<0.01, ¢p<0.001. 


stimulated 3 successive days a week for 4 weeks, the number 
of WDS elicited by hippocampal stimulation, especially dur- 
ing 10-40 sec, decreased each week and a small peak ap- 
peared during 40-60 sec. We reported that when the hip- 
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FIG. 6. Effect of phenobarbital on the patterns of wet-dog shaking 
(WDS) elicited by hippocampal stimulation. Phenobarbital was in- 
jected (IP) 30 min before hippocampal stimulation. The number of 
WDS counted in 10 sec periods over a duration of 150 sec. 


pocamipus was stimulated every day, the behavioral convul- 
sive manifestations, mouth movement, appeared at about 19 
stimulations [1]. Although the experimental set-up in the 
present work was not the same, the hippocampus had been 
stimulated totally for 12 trials at the last stimulation. It is 
conceivable that the seizure susceptibility was exacerbated 
by repeated stimulation. In practice, one out of 8 rats 
showed clinical manifestations (mouth movement and head 
nodding) and high amplitude electrographic spike waves in 
the amygdala. These results suggest that when hippocampal 
kindling has developed, the number of hippocampal-induced 
WDS, especially during 10-40 sec, decreases and a small 
peak appears during 40-60 sec. In our present experiment, 





WET-DOG SHAKING AND NEUROLEPTICS 


neuroleptics which block the dopaminergic receptor [5,12] 
decreased dose-dependently the number of WDS, especially 
during 10-40 sec and a small peak appeared during 40-60 sec 
after the hippocampal stimulation. This pattern mimicks 
findings in case of repeated hippocampal stimulation. On the 
other hand, though diazepam, phenobarbital and imipramine 
decreased the number of WDS during 150 sec after hip- 
pocampal stimulation, the pattern of inhibition seen of these 
drugs differs from that of neuroleptics. Although Le Gal La 
Salle et al. apparently did not check the pattern of WDS, 
they found that a variety of non-dopamine drugs also antag- 
onized WDS [15]. We also suggest that central nervous sys- 
tem depressants inhibit the WDS, but slightly higher doses 
must be used to inhibit WDS, namely, ataxia and sleep be- 
havior occurred. Furthermore, depressants decreased the 
number of WDS throughout every 10 sec after hippocampal 
stimulation. These events are quite different from those seen 
with dopamine antagonists. 

Assay of brain catecholamines showed significant and 
parallel depletion of both noradrenaline and dopamine in the 
hippocampal kindled cat brain [21]. Engel and Sharpless [9] 
also reported that there was a consistent significant decrease 
in the level of norepinephrine and dopamine in the stimulated 
amygdalae of all amygdaloid kindled rats. Several experi- 
ments indicate that brain catecholamines play an inhibitory 
role in the development of kindling [2, 6, 17]. Sato et al. [20] 
reported that the association of such sensitization’ with im- 
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pairment of the kindling process suggests that dopamine re- 
ceptor sensitivity is an important factor in this form of 
epileptogenesis. Furthermore, it was reported that there was 
an antagonistic relationship in electrical kindling seizure de- 
velopment, under conditions of suppression by chronic pre- 
treatment with cocaine and a facilitation occurred with halo- 
peridol treatment during the kindling session [22]. This was 
regarded as a finding related to the antagonism between 
epilepsy and schizophrenia [23]. Le Gal La Salle er al. re- 
ported that the dopamine agonist apomorphine also 
produced an antagonism of the WDS [15]. However, the 
dose of 1 mg/kg of apomorphine was given and stereotyped 
behavior was seen. In preliminary experiments, apomor- 
phine in a dose of 0.5 mg/kg did not antagonize WDS. 

All these results taken together indicate that seizure sus- 
ceptibility in the brain when the hippocampus is stimulated 
repeatedly is similar to that seen when dopaminergic func- 
tion is blocked by the injection of neuroleptics. It is conceiv- 
able that dopaminergic mechanisms may be related to the 
occurrence of WDS. Moreover, brain noradrenergic systems 
inhibit development of kindling seizure [2, 6, 17]. It is known 
that chlorpromazine blocks not only dopamine but also 
noradrenaline receptors [5]. Even though noradrenaline may 
be related to this WDS, biochemical and physiological in- 
vestigations are required to elucidate the mechanisms of this 
phenomenon and of WDS elicited by hippocampal stimula- 
tion. 
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BELESLIN, D. B. AND K. STEFANOVIC-DENIC. A dose response study of aggressive behavioral effects of intracere- 
broventricular injections of carbachol in cats. PHYSIOL BEHAV 36(1) 75-78, 1986.—In this investigation, quantitative 
characteristics of vocalization, fighting, biting and convulsions elicited by carbachol injected into the cerebral ventricle of 
unanesthetized cats have been studied. Fighting, biting and convulsions were dose-dependent and long-lasting, their ED,, 
values being 0.008 mg, 0.018 mg and 0.047 mg respectively. The value of ED,, for vocalization is less than 0.005 mg. When 
using small doses the entire aggressive behavior pattern could be divided into its elements (vocalization, fighting, biting); 
however with larger doses it was not possible to obtain a separation of effects. These results support the view that there are 
central cholinoceptors of different sensitivity subserving aggressive behavior and convulsions. The fact that carbachol 
produces long-lasting aggressive behavioral effects further supports the view that the mechanisms activated by this 
cholinomimetic agent differ from conventional synaptic transmission. It follows then that cholinoceptive neurones ac- 


tivated by carbachol subserve physiological functions or pathological changes of long duration. 
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IT is well known that when carbachol is injected into the 
cerebral ventricles or micro-injected into the hypothalamus, 
septal region, thalamus, central grey matter, red nucleus, 
caudate nucleus or mesencephalic reticular formation of un- 
anesthetized cats, aggressive behavioral changes associated 
with autonomic and motor phenomena are evoked [1, 2, 4, 9, 
10, 12, 13, 19, 20, 21, 24, 25, 28, 29, 32]. However, in spite of 
this extensive work on the aggressive behavioral effects of 
intracerebroventricular carbachol, there is little evidence 
about the dose-response effects of this cholinomimetic on 
vocalization, fighting, biting and convulsions in the cat. 
Therefore, the present experiments deal with some quantita- 
tive aspects of the responses as elicited by various doses of 
carbachol injected into the cerebral ventricles of un- 
anesthetized cats. 


METHOD 


In these experiments 34 cats of either sex weighing be- 
tween 2-4 kg were anesthetized with sodium pentobarbital 
(35—40 mg/kg IP). Following aseptic precautions, a hole was 
drilled 7-8 mm from the zero line and 4-5 mm from the 
mid-line. A Collison cannula was then screwed into the cal- 
varium, the tip of the cannula resting in the left lateral ven- 
tricle [11]. The lower end of the cannula shaft was made of 
polyethylene tubing, with a side opening 1 mm from its 


closed tip and positioned with the lumen facing the foramen 
of Monro. Post mortem dye studies indicated that the in- 
jected material passed from the lateral ventricle into the third 
and fourth ventricle. Postoperatively, penicillin was adminis- 
tered intramuscularly. After surgery, an interval of five days 
was allowed to elapse before an experiment began. 

On the test day, cats were acclimated to the test environ- 
ment, a wire-mesh cage 1 10x 130x 150 cm, for at least one hour 
before the intracerebroventricular injection of carbachol. 
The behavior of the cats was continuously under direct ob- 
servation for a period of 4 hours and intermittently for 24 
hours. Vocalization, fighting with paws, biting and convul- 
sions were scored by two experienced observers, who were 
blind to the dose of the injected carbachol in the animals. 
The correlation coefficient for these checks ranged consis- 
tently between 0.91-0.97. 

Doses of carbachol refer to carbachol chloride which was 
dissolved in sterile, pyrogen-free 0.9% sodium chloride. The 
solution was then injected by hand into the cerebral ventricle 
from a 1.0 ml syringe in a volume of 0.1 mi over a period of 
15-20 sec and washed in with 0.1 ml of saline. Experiments 
were carried out using reasonable aseptic precautions. Each 
cat was used only once in these experiments. 

Dose-response curves were constructed using linear re- 
gression according to the method of least squares. Coeffi- 
cient of correlation (r) of linear regression was used to de- 
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FIG. 1. Dose-response relation of carbachol injected into the cere- 
bral ventricles of unanesthetized cats on vocalization (A), fighting 
with paws (B), biting (C) and convulsions (D). Ordinates: percentage 
of cats showing vocalization, fighting with paws, biting and convul- 
sions. Abscissae: doses of carbachol in mg. Each cat was used only 
once in these experiments. In A the number of experiments at each 
dose denoted at base of columns. Each point in B, C and D repre- 
sents the mean of 6-7 experiments. 


termine the existence of dose-response to carbachol. Calcula- 
tion of the mean effective dose (ED,», i.e., the dose required to 
produce vocalization, fighting, biting and convulsions in 50% 
of animals) and their 95% confidence limits were calculated 
also using linear regression, according to the method of least 
squares. 


RESULTS 


Vocalization 


Intracerebroventricular administration of carbachol in 
doses from 0.005—0.03 mg produced vocalization (hissing and 
growling, i.e., rage reaction) in all of the experimental 
animals (Fig. 1, A). The duration of vocalization was dose- 
dependent, r=0.83, and with the largest dose of carbachol, 
i.e., 0.3 mg, it lasted about one hour (Fig. 2, A). 


Fighting 


Several minutes after intracerebroventricular injection of 
carbachol, in doses of 0.005 to 0.1 mg, fighting developed. 
First, fighting with paws appeared and this was later associ- 
ated with biting. Vocalization always preceded the fighting. 
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FIG. 2. Dose-response relation of carbachol injected into the cere- 
bral ventricles of unanesthetized cats on vocalization (A), fighting 
with paws (B), biting (C) and convulsions (D). Ordinates: duration of 
vocalization, fighting with paws, biting and convulsions in minutes. 
Abscissae: doses of carbachol in mg. Each cat was used only once in 
these experiments. Each point represents the mean of 6-7 experi- 
ments. 


The percentage of cats fighting with paws was dose- 
dependent, r=0.85, in the range of 0.005—0.03 mg (Fig. 1, B), 
the ED. being 0.008+0.003 mg (95% confidence limits). The 
duration of fighting with paws was also dose-dependent, 
r=0.97, in the same dose range and, with the largest dose of 
carbachol of 0.03 mg, lasted about two hours (Fig. 2, B). 
Biting 

Biting behavior was always preceded by vocalization and 
fighting with paws after intracerebroventricular administra- 
tion of carbachol (0.01-0.1 mg). However, the percentage of 
cats exhibiting biting was dose-dependent, r=0.95, only in 
the dose range of 0.01-0.03 mg (Fig. 1, C), the ED,, being 
0.018+0.005 mg (95% confidence limits). The duration of 
biting was also dose-dependent, r=0.93, in the same dose 


range and with the largest dose of carbachol, 0.03 mg, the 
effect persisted for about 90 minutes (Fig. 2, C). 


Convulsions 


The largest doses of carbachol, 0.03 and 0.1 mg, injected 
into the cerebral ventricle of unanesthetized cats evoked rest- 
lessness, scratching, circling, ataxia, tremor, fighting with 
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paws, biting and muscular weakness followed by convul- 
sions. As shown in Fig. 1, D, the percentage of cats showing 
convulsions was dose-dependent, r=0.88, the ED,. being 
0.047+0.01 mg (95% confidence limits). The duration of con- 
vulsions was also dose-dependent, r=0.83, and with larger 
doses of carbachol, 0.1 mg, it lasted about two hours (Fig. 2, D). 


Control Experiments 


In control experiments (n=3), intracerebroventricular in- 
jections of 0.3 ml of 0.9% NaCl did not produce any visible 
behavioral, autonomic or motor changes. 


DISCUSSION 


The results of the present experiments confirm previous 
findings that carbachol injected into the cerebral ventricles 
or micro-injected into various parts of the brain of the un- 
anesthetized cat produces aggressive behavior accompanied 
with autonomic and motor phenomena and convulsions [1, 2, 
4, 9, 10, 12, 13, 19, 20, 21, 24, 25, 28, 29, 32]. Our present 
investigations further demonstrate that vocalization, fight- 
ing, biting and convulsions are dose-dependent. The ED,, 
values show that vocalization is the most sensitive response 
to carbachol, and that at least two times larger doses are 
needed to produce fighting with paws, four times larger 
doses are needed to produce biting and finally ten times 
larger doses will produce convulsions. The question, there- 
fore, arises as to how one can explain the differences? 

One of the simplest explanations is that the number of 
cholinoceptors triggered by carbachol determines the effect. 
However, electrical stimulation of the lower brain-stem 
produces vocalization without rage, while electrical stimula- 
tion of the hypothalamus of the cat induces vocalization 
associated with rage [14,30] or direct attack with or without 
signs of rage [33]. Intensification of the electrical stimulus of 
the cat hypothalamus or amygdala turns the rage reaction 
into threatening and attacking actions [27,31]. Similarly, in 
our present experiments, by increasing the doses of intracer- 
ebroventricular carbachol, vocalization was shifted to fight- 
ing, biting and convulsions. With the largest doses, no sep- 
aration of symptoms was possible to obtain, but by selecting 
adequate doses of carbachol the entire aggressive behavior 
pattern could be divided into its elements. 

It appears, therefore, that there are cholinoceptors of var- 
ious sensitivity to carbachol which subserve aggressive be- 
havior which, when stimulated separately, produce some 
elements of aggression. When all of them are stimulated si- 
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multaneously, they trigger the whole pattern of aggression. 
The findings that carbachol injected into the cerebral ventri- 
cles of the cat in small doses evokes a fear reaction [13], 
whereas a gradual increase in doses changes the fear-like 
behavior into rage and attack [1, 2, 4] further support this 
view. Finally, in this connection, it should be mentioned that 
carbachol micro-injected into caudate nucleus of the cat 
produces two kinds of behavioral effects. In small doses it 
blocks the ongoing learned performance, while in larger 
doses, rage occurs. Therefore, it appears that the inhibitory 
behavioral phenomena are more sensitive to carbachol than 
the excitatory behavioral phenomena [12]. 

Another interesting finding arising from the present in- 
vestigation is that the aggressive behavioral effects, as well as 
the convulsions, caused by intracerebroventricular car- 
bachol are longlasting. Microiontophoretic investigations 
have already revealed that the excitatory effects of acetyl- 
choline on acetylcholine-sensitive cells in the forebrain, cau- 
date nucleus and neocortex of the cat are slow in onset, 
outlast the application, are predominantly muscarinic in na- 
ture and cannot be reproduced easily by nicotine [15, 16, 17, 
18, 22]. This effect cannot be ascribed to a rapid ‘‘detonator’”’ 
transmission, but rather to an action which differs from a 
conventional transmitter function [15]. The excitatory be- 
havioral effects of carbachol are longlasting, mainly mus- 
carinic in nature and are not easily reproduced by nicotine 
{1, 2, 4]. 

Long lasting behavioral effects have also been reported 
after cholinergic stimulation of the amygdaloid complex in 
the rat [8]. Carbachol, as well as the other cholinomimetic 
agents, produce long lasting effects in the peripheral tissues 
and organs which are not easily reproduced by nicotine 
[3,26]. Furthermore, Purves [26] advanced a hypothesis that 
muscarinic effects allow temporal summation and thus the 
continuity of action, while nicotinic effects prevent such an 
action. Therefore, cholinomimetic agents, when acting in the 
central nervous system or in the peripheral organs, could 
activate cholinoceptive neurones which act as a “‘biological 
generator’ to sustain the effects [3,4]. It is interesting that 
not only central cholinoceptive neurones behave as a 
‘biological generator’’ which sustains the effect, but mor- 
phine and morphinomimetic endogenous peptides also 
produce longlasting behavioral effects [5, 6, 7, 23]. 
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SHIBATA, S.,S. Y. LIOU, S. UEKI AND Y. OOMURA. Inhibitory action of insulin on suprachiasmatic nucleus neurons 
in rat hypothalamic slice preparations. PHYSIOL BEHAV 36(1) 79-81, 1986.—In order to elucidate a role of insulin on 
neurons in the suprachiasmatic nucleus (SCN) involved in the generation of circadian feeding behavior, we examined the 
effect of insulin on SCN neuronal activity at in vitro condition. Bath application of insulin (1-100 4U) mainly inhibited the 
SCN neuronal activity, and this inhibitory effect was still observed in a Ca**-free Krebs solution. The present result 
strongly suggests that insulin directly inhibits SCN neurons and may explain an increase in food intake by insulin infusion 


into the SCN during the light period. 


Suprachiasmatic nucleus Single unit activity 


Insulin 


Rat brain slice Feeding rhythm 





BILATERAL lesions of the suprachiasmatic nucleus (SCN) 
abolished the circadian rhythm of feeding behavior in rats 
(3]. We demonstrated that SCN stimulation evoked the 
monosynaptic facilitation on the cells in the ventromedial 
hypothalamic nucleus (VNH, a satiety center) and mul- 
tisynaptic inhibition on those in the lateral hypothalamic area 
(LHA, a feeding center) and suggested that the circadian 
influence on feeding behavior has been basically established 
by these neuronal circuits [2, 6, 7]. 

Recently Nagai et a/. [4] have reported that insulin infu- 
sion into the SCN reduced food intake during the 12 hr dark 
period while increased food intake during the 12 hr light 
period, and suggested that endogenous insulin was involved in 
the regulation of the circadian rhythm of food intake. This 
indicates that insulin may modulate the time signal of circa- 
dian feeding time from the SCN to the VMH and LHA by 
changing the SCN neuronal activity. Therefore, in the pres- 
ent experiment, we attempted to examine the effect of insu- 
lin on the SCN neuronal activity. 


METHOD 


A total of 17 male Wistar strain rats weighing 200-300 g 
were used. Rats were housed in plastic cages, with food and 
water available ad lib. The animals were kept under stan- 
dardized conditions of temperature (23-25°C) at 12:12 light- 
dark period (light period: 0700-1900). 

For the manufacturing of slice preparations the animals 
were sacrificed by a blow on the back of the neck. Hypotha- 
lamic slices, about 300 um thick including the SCN, were 
coronally sectioned by a vibratome. Each slice was preincu- 
bated for at least 30 min in Krebs solution, and then trans- 
ferred into a recording chamber. The composition of control 
Krebs solution, equilibrated with 95% O, and 5% CO,, was 


NaCl, 124; KCI, 5; KH,SO,, 1.24; CaCl,, 2.4; MgSO,, 1.3; 
NaHC0O,, 26; and glucose 10 mM (final concentration). Re- 
cording electrodes were filled with 2 M NaCl (DC resistance, 
2-10 MQ) as measured in Krebs solution). In low Ca** Krebs 
solution, the concentration of Ca** and Mg** was 0 and 10 
mM, respectively. The recording site of each cell was easily 
verified by microscopic observation at the time of recording, 
since cells are densely packed in the SCN, clearly distin- 
guishable from the optic chiasm and anterior hypothalamus. 
Single neuron activity which remained stable for at least 5 
min was recorded. Electrophysiological experiments were 
terminated within 4 hr, between 0900 and 1700 hr, since in 
previous studies [11,13], we found that the firing rate of SCN 
neurons was continuously high during the period from 2 hr 
after ‘‘light on’’ to 2 hr before “‘light off.’’ After recording a 
single neuron, a small mark was made by electrophoretic 
application of fast green (50-100 nA, 3 min) from the record- 
ing electrode as mentioned in a previous paper [11,12]. After 
each experiment, the slice was perfused with 10% formalin, 
sectioned into 2 or 3, 100-150 um sections on a vibratome, 
and then stained with neutral red for identification of the 
recording sites. 


RESULT 


From 5 to 20 spontaneously active neurons were recorded 
from each slice. Insulin applied into the bath at a concentra- 
tion of 10 wU facilitated (Fig. 1A, type I), facilitated then 
inhibited (Fig. 1B, type II) or inhibited (Fig. 1C, type IID) 
SCN neuronal activity. 

In Fig. 1C, SCN neuron activity was reduced by 1-10 n»U 
insulin in a dose-dependent manner. This inhibitory action 
lasted for several min, but disappeared within 10 min after 
changing to normal Krebs solution. These effects were ob- 





A 


impulse per sec 


insulin 10 pU 





nen 1 ywU 





SHIBATA, LIOU, UEKI AND OOMURA 


ja hidin Insulin ‘i 


Wiki sat Ma rain endl 


Insulin 

















10 yU 





Insulin 











whet Prom 4 5.4 a be. bys it 
te eee OO) mee, tate SF ceemnpises: ae 
eases eager tet Potty ecietearterntapstotd ret} 
Agta aOR. A a Be + 








1 min 


FIG. 1. Effect of insulin on SCN neuronal activity. A, increase (type I); B, increase then decrease (type II); C, decrease (type III) in 


firing frequency. Bars, periods of drug application. 
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FIG. 2. Effect of insulin concentration on SCN neuronal activity. 
O—O population of type I, excitatory neurons; ®@—® that of type 
II, excitatory-inhibitory neurons, A—A that of type III, inhibitory 
neurons; A——A that of unaffected neurons. Numbers in par- 
entheses, number of neurons tested. 


served equally in both the ventrolateral as well as dorsome- 
dial part of the SCN. 

We previously reported that discharges of SCN neurons 
were divided into the following three types of firing pattern: 
regular firing (Fig. 1A, B, C), irregular firing (not shown in 
figure) and burst firing (not shown in figure) [11]. Since the 
populations of regularly firing, irregularly firing and burst 
firing neurons were about 85, 12 and 3% [11], we examined a 
relationship between the firing pattern of SCN neurons and 
the inhibitory action of insulin. However, this effect was 
observed in 21 of 81 (26%) regularly firing neurons and simi- 
larly in 4 of 18 (22%) irregularly firing neurons. None of the 
bursting neurons were recorded in the present experiment. 

At a concentration of 1 4U insulin, the population pro- 
portions of type I, II and III were about 7, 7 and 14% of the 
SCN neurons, respectively (Fig. 2). At concentrations of 10 
and 100 wU, the population of type III increased to 30 and 
45% respectively, while the populations of type I and Ii re- 
mained unchanged. 


TABLE 1 


EFFECT OF INSULIN ON SUPRACHIASMATIC NUCLEUS 
NEURON ACTIVITY 





Number of cells in each 
response category (% of total) 


Insulin 


100 wU/ml Normal Ringer CA?*-free Ringer 





t 8 (8) 1 (6) 
tt 10 (10) 1 (© 
{ 25 (25) 6 (33) 
56 (57) 10 (56) 


Total 99 (100) 18 (100) 





?, augmentation; t|, augmentation then reduction; |, reduction; 
—, no change in firing frequency of neuron. 


In order to elucidate that insulin modulate the SCN 
neuronal activity through post-synaptic activation, we exam- 
ined the insulin effect in Ca**-free Krebs solution. A shift of 
discharge pattern from regular firing to irregular firing and a 
decrease of firing rate were observed in Ca**-free Krebs 
solution, as mentioned before [15]. The Ca?*-free Krebs 
solution used in the present experiment was adequate to 
abolish synaptic transmission as previously reported [12,14]. 
In a normal Krebs solution containing insulin at concentra- 
tion of 100 ~U, 8 out of 99 cells (8%) were type I, 10 (10%) 
were type II and 25 (25%) were type III (Table 1). On the 
other hand, in the Ca**-free Krebs solution, containing insu- 
lin at concentration of 100 ~U, only 1 out of 8 cells (6%) was 
type I, 1 (6%) was type II and 6 (33%) were type III (table 1). 


DISCUSSION 


Bath application of insulin caused a dose-dependent in- 
hibition of SCN neurons and small numbers of SCN neurons 
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were facilitated or facilitated then inhibited by insulin at 
1-100 ~U concentrations. In the hippocampal pyramidal 
neurons, insulin mainly inhibited neuronal activity in a 
dose-dependent manner [8]. We previously reported that the 
effect of electrophoretic application of insulin was a decrease 
in a firing rate of glucoreceptor neurons in the VMH [5]. 
There are few reports available of electrophysiological 
studies which explain the above observations. Studies of 
muscle membrane in rats show that insulin induces mem- 
brane hyperpolarization with acceleration of energy depend- 
ent Na*-K* pump activity [16]. This kind of hyperpolariza- 
tion might explain the inhibitory effect of insulin application 
to neurons in the central nervous system. This evidence to- 
gether with our present and previous results indicate that 
insulin may act as an inhibitory peptide on neurons in the 
central nervous system. 

Since insulin releases catecholamines from hypothalamic 
slices, Sauter et a/. [10] suggested that insulin may act as a 
modulator of neuronal function. However, in the present 
experiment, insulin inhibits SCN neuronal activity in Ca**- 
free Krebs solution, and the population proportions of type 
III were about 30% in both normal and Ca?*-free solution. 
The Ca?*-free Krebs solution used in the present experiment 
was adequate to abolish the synaptic transmission, because 
we previously reported that synaptic transmission in the 


SCN elicited by optic nerve stimulation disappeared in a 0.3 
mM Ca?** Krebs solution [12,14]. Therefore, insulin inhibits 
the SCN neuron activity through post-synaptic activation. 

Since we demonstrated the monosynaptic facilitation to 
the VMH and multisynaptic inhibition to the LHA from the 
SCN [2,6] and the increase of SCN neuron activity during 
the daytime [11,13], VMH activity is stimulated during day- 
time, while the LHA activity is subject to an inhibitory influ- 
ence from both the SCN and the VMH. This evidence 
suggests that the rat would be expected to display much 
more feeding related activity at night than during the day. 
This suggestion is supported by the following evidence. 
Nagai and colleagues [3,4] pointed out the importance of 
connections between the SCN and the VMH in controlling 
the circadian rhythm of feeding, since SCN lesioned rats or 
VMH lesioned rats displayed feeding behavior during the 
daytime as well as at night [3]. 

Insulin infusion into the SCN increased the percentage of 
food intake during the light period without changing the total 
daily food intake [4]. Insulin receptors have been detected in 
the hypothalamus [1,9]. From this evidence and the present 
results, it is suggested that insulin directly inhibits SCN 
neurons and increases the food intake during the light period. 
In conclusion, insulin may be involved in generation of the 
circadian rhythm of feeding behavior. 
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PRATT, B. L. AND B. D. GOLDMAN. Activity rhythms and photoperiodism of Syrian hamsters in a simulated burrow 
system. PHYSIOL BEHAV 36(1) 83-89, 1986.—Male Syrian hamsters were housed in simulated burrows in order to 
investigate (a) how these nocturnal, fossorial rodents entrain to the prevailing light:dark cycle in this semi-natural habitat 
and (b) the response of the reproductive system to environmental illumination. The burrow emergence activity of hamsters 
housed in simulated burrows was compared to the running wheel activity of animals maintained in standard cage 
conditions. The activity rhythm was similar in both measuring devices. The data suggested that in a natural environment 
hamsters are only exposed to light for short amounts of time cach day. To determine whether brief photoperiodic 
stimulation could alter the phase angle of entrainment and/or the reproductive condition, burrow housed animals were 
exposed to a supplementai 30-second light pulse during specified clock hours of the dark period on a daily basis. These light 
pulses induced a phase shift and maintained a long day reproductive response in what was otherwise a short photoperiod. 
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ENVIRONMENTAL illumination exerts a wide array of ef- 
fects on the physiology and behavior of Syrian hamsters. 
Light is the primary cue for the entrainment of various cir- 
cadian rhythms, including the rhythm of locomotor activity 
[8]. Also, changes in daylength can have profound effects on 
the reproductive system. Decreased daylength induces a de- 
crease in pituitary gonadotrophic hormone secretion [3,25], 
an increase in the sensitivity of the neuroendocrine repro- 
ductive axis to the feedback effects of steroid hormones [10, 
25, 27], and reduced behavioral sensitivity to androgen 
[4,18]. 

Several experimental techniques have been employed to 
demonstrate that very brief light pulses are effective in 
entraining circadian rhythms. The potent effect of short du- 
ration light signals was observed unequivocally in the flying 
squirrel (Glaucomys volans), where a one second light pulse 
given every 24 hours was able to maintain a previously es- 
tablished phase angle or to cause the appropriate phase delay 
needed to establish entrainment of the activity rhythm [5]. 
More recently, a similar phenomenon was demonstrated in 
studies of Syrian hamster activity rhythms, where a skeleton 
photoperiod consisting of two one-second light pulses was 
capable of maintaining a pre-established entrainment or of 
eliciting the necessary adjustments to a three hour phase 
advance ' 

Thy . °s of brief light pulses upon entrainment are 
para! sle< »hotoperiodic effects. In night interruption ex- 
perin,. re light pulses were presented to supplement 
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an otherwise short photoperiod, one minute of light given in 
the middle of the night maintained gonadal activity or stimu- 
lated gonadal recrudescence in Djungarian hamsters [14,15]. 
Likewise, night interruption by one second of light pre- 
vented testicular regression in Syrian hamsters exposed to a 
short day photoperiod [6]. Thus, hamsters do not ‘‘measure”’ 
daylength by responding to the absolute amount of light or 
darkness; rather, the circadian timing of the light cues is 
most important [7]. This type of mechanism for photo- 
periodic induction would appear to be especially well- 
adapted for a nocturnal, fossorial rodent which presumably 
is exposed to light for only brief periods of time each day. 
The question remains as to how Syrian hamsters receive 
light cues and measure daylength in their native habitat. The 
way in which their burrows are constructed as well as their 
daily pattern of burrow emergence must influence how and 
when potential daylight cues are available. Data collected in 
both the laboratory and the field suggest that the hamster 
burrow is of a sufficient depth and nature to be relatively 
lightproof in its inner portion. When housed in a cubic meter 
terrarium, their burrows typically had one entrance hole, 
which led into a vertical ‘‘access gallery.’’ After a sharp 
turn, the tunnel’s slope became much shallower and the tun- 
nel ended in a widened compartment where the nest and food 
store were located. The nest was separated from the en- 
trance hole by an average of 109 cm and was usually on the 
very bottom of the terrarium. It is important to note that the 
access gallery tunnel was voluntarily obstructed with soil 








FIG. 1. Schematic representation of a simulated burrow. The *‘bur- 
row’ apparatus consisted of a light proof nest box which was con- 
nected via a tunnel of black plastic pipe to an outer box which was 
exposed to room illumination. Infrared phototransistors affixed to 
the plastic tunnel were used to monitor the entry of the resident 
animal into the outer box. ‘“‘Burrow’’ emergence activity was re- 
corded on an event recorder. 


during the daytime, which would contribute to the exclusion 
of light from the burrow [21,23]. 

Classically, the free running period, or tau (7), and the 
entrained states of rodent circadian systems have been 
examined by measuring wheel running behavior [19]. In such 
studies, the animals are chronically exposed to whatever 
lighting schedule the experimenter imposes. However, in 
their native habitat, it is the animals’ own behavior, partly a 
result of endogenous rhythmicity, which leads to interaction 
with the entraining environment outside the burrow. Hence, 
in the present study we employed a measure of activity 
which was deemed appropriate for gaining information about 
the likely pattern of activity of hamsters in the wild. The 
measure chosen was ‘‘burrow emergence,’’ which was moni- 
tored in simulated burrows. Each burrow consisted of a light 
proof nest box connected to a compartment (outer box) 


which was exposed to environmental lighting. Phototransis- 
tors were employed to monitor the entry of an animal into 
the outer box. Entrainment and photoperiodism were inves- 
tigated within this context. 


GENERAL METHOD 


Simulated Burrows 


Simulated burrows consisted of two polypropylene cages 
(19.5x 15.58") connected by a tunnel made of black plastic 
pipe (2” diameter) with four 90° turns (Fig. 1). The nest box 
was rendered impermeable to light by painting it black and 
covering it with a wooden top. Light could enter the outer 
box since it was unpainted. In Experiment 1 the outer box 
was covered with a wooden top; in Experiments 2 and 3 wire 
mesh was used. Infrared phototransistor units were affixed 
to the tunnel near its point of connection with the outer box. 
The phototransistors were connected, via a logic circuit, to 
an Esterline-Angus event recorder. This sytem was used to 
monitor the entry of an animal into the outer box. The logic 
circuit was designed such that the event recorder pen would 
continue to make rapid deflections as long as the animal 
remained in the outer box, and would return to baseline 
when the animal returned into the region of the tunnel prox- 
imate to the nest box. 

Wood shavings (Experiment 1) or kitty litter covered by 
wire mesh (Experiments 2 and 3) were provided in both the 
nest box and the outer box. These were changed at approx- 
imately biweekly intervals. Water was always available from 
a bottle attached to the outer chamber. Food was placed 
directly into the outer box once every few days and was soon 
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hoarded into the nest box by the resident hamster. Wayne 
Lab Blox was supplemented with a mixture of corn, 
sunflower seeds and rolled oats. 


Activity Wheels 


Running wheel cages consisted of a plastic tub 
(16.5xX8xX7.5") with a wheel suspended from the wire top. 
Each revolution of the wheel closed a switch which resulted 
in a single pen deflection on an Esterline-Angus event re- 
corder. Food and water were available ad lib. 


Activity Records 


For both running wheel and burrow housed animals, ac- 
tivity records were individually pasted in chronological order 
with consecutive 24-hour records arranged one beneath the 
other. Under entrained conditions, the phase angle differ- 
ence was measured as the relationship between lights off and 
activity onset. When in constant light, 7 was assessed by first 
drawing an eye-fitted line through successive daily activity 
onsets for each individual record. The angle of this line rela- 
tive to a vertical reference line was measured with a com- 
pass. This angle measure was then converted to a slope 
measure which was used to arrive at an estimation of r. 


EXPERIMENT | 


Considerable research into the mechanisms of entrain- 
ment and photoperiodism has been carried out using running 
wheel activity as an assay of the state of the circadian system 
{7, 13, 19, 24]. It is not known what component of natural 
activity is represented by the locomotor activity expressed in 
running wheels. In order to investigate this issue, running 
wheel activity was compared to the burrow emergence ac- 
tivity of hamsters housed in simulated burrows. 


Method 


Thirty male Syrian hamsters, 5-6 weeks of age, were ob- 
tained from Engle Laboratories (Farmersburg, IN). They 
were group housed in wire cages on a 14L:10D cycle (lights 
on from 0400-1800 hr) for two weeks to allow for adjustment 
to laboratory conditions. At that time, fifteen animals were 
placed into simulated burrows and the remaining animals 
were housed in running wheel cages in the same room. After 
one month, the 14L:10D photoperiod was changed to con- 
stant light (LL). This regimen was maintained for 6 weeks 
after which the animals were allowed to re-entrain to the 
original 14L:10D schedule for one month. 


Results 


Burrow animals showed activity rhythms similar to those 
of running wheel subjects (Fig. 2). During the early part of 
the dark period in 14L:10D or during the early subjective 
night (i.e., defined as a 12-hour period beginning at the onset 
of the major activity phase) in LL, hamsters spent consider- 
able time outside their nest boxes. When entrained, the 
phase angle difference between lights-off and activity onset 
and also the duration of the major activity period were simi- 
lar in both activity measuring devices. Both groups of ham- 
sters began their activity 30-60 minutes after the beginning of 
the dark period and showed similar patterns of nocturnal 
activity. In addition, from a visual inspection of the data 
there did not appear to be any difference in the precision of 
entrainment or of free running rhythmicity between the two 
conditions (Fig. 2). However, burrow housed hamsters 
periodically emerged from their burrows during the daytime, 
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FIG. 2. Activity records of hamsters housed with an activity wheel or in a simulated burrow. The three bars within each record show the 
photoperiod which the hamster subsequently experienced. The darkened area of each bar represents night whereas the clear area indicates 
hours of illumination. The animals were subjected to continuous illumination between days 31 and 72. Both hamsters were in each of the three 
photoperiodic conditions for the same length of time despite the variable amount of record photographed for each animal. Each line represents 
a 24 hour segment of the activity record, with consecutive days depicted under one another. Within each activity record, the darkened area 
indicates activity on a running wheel (‘running wheel’’ record on the left) or the time that a hamster was in the outer box of a simulated 
burrow apparatus (‘‘burrow’’ record on the right). Time-of-day is shown under each set of records. 


while wheel housed animals virtually never ran on their 
wheels during the day. The daytime burrow emergences 
were sporadic and brief, with each emergence generally last- 
ing from a few seconds to about 3 minutes. On the average, 
hamsters emerged 5 times per day both during the light phase 
in 14L:10D and during the subjective day (i.e., the 12 hour 
portion of the cycle which immediately precedes activity on- 
set) in LL. rs both less than and greater than 24 hours were 
shown by the various individuals housed in both measure- 
ment devices. However, it should be noted that the mean 7 of 
burrow housed hamsters was longer than the mean 7 of 
hamsters housed in running wheels (Burrow 
mean=24.07+0.069 hr; Running wheel mean=24.02+0.018 
hr). 


EXPERIMENT 2 


The burrow emergence activity displayed in Experiment 1 


suggested that hamsters living in a burrow environment 
under normal day/night cycles are probably exposed to light 
only for brief periods of time each day. The present experi- 
ment was designed to examine whether a brief pulse of light, 
interrupting the dark phase of a short day photoperiod, 
would alter the phase angle of the entrained activity rhythm 
and/or prevent short day induced testicular regression. Since 
the photoperiodic response of Syrian hamsters housed in 
running wheel cages is partly contingent upon the way in 
which the circadian system is entrained to the prevailing 
photoschedule [7, 13, 20], the same interrelationship was 
expected to apply to the entrainment of burrow emergence 
activity and photoperiodism. 


Method 


Male Syrian hamsters born in our colony, which was de- 
rived from Engle Laboratory stock, were raised in a 16L:8D 
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FIG. 3. Burrow emergence records in various LD cycles which led to different photoperiodic responses. A typical activity record is shown 
from each of the three groups which comprised Experiment 2. All animals were initially exposed to a 16L:8D cycle (denoted by a photoperiod 
bar above this section of record) for 11 days. On D12 the room lighting was changed to 10L:14D. Two weeks later, the 30 hamsters were 
subdivided into three groups for the remainder of the study. Animal No. 14 represents the group which received no supplemental lighting. The 
group to which animal No. 7 belonged received a 30 second light pulse during the time that is cross hatched on the photoperiod bar just before 
D26, contingent upon emergence into the outer box. Those animals which were changed from 10L:14D back to 16L:8D are represented by 


animal No.1. Time-of-day is shown under each set of records. 


photoperiod. Experimental subjects were placed into bur- 
rows when they were 16 weeks old. Three days later activity 
recording began. After 2 weeks of a 16L:8D schedule (lights 
on 0200-1800 hr), the room lights were shifted to 10L:14D by 
delaying the time of lights-on for 3 hours and advancing the 
time of lights-off by 3 hours. Two weeks later, the 30 exper- 
imental animals were divided into three treatment groups. 
Each group was exposed to a different lighting regimen, 
created in the same room as follows: Opaque curtain dividers 
separated three racks of 10 burrows each from one another. 
The 10L:14D room photoschedule was imposed on all three 
racks. For two groups of animals, supplemental lighting was 
available via individual 15 watt bulbs mounted in the wire 
mesh cover of the outer box of each burrow. One of these 
groups was placed on a 16L:8D photoschedule by supplying 
6 hours of additional lighting at the end of the dark period in 
the animal room. Each animal in the second group received a 
single 30-second light pulse contingent upon the subject’s 
first entry into the outer box during the last 6 hours of the 
animal room dark period. Each animal in this group could 
thus receive only one 30-second exposure to light during the 
last 6 hours of the night. The control group received no sup- 
plemental lighting at all and was therefore exposed only to 
the 10L:14D photoschedule in the room. 

Testicular size and body weight were assessed while each 
animal was placed under mild ether anaesthesia. This was 
done at the beginning of the experiment and at monthly 
intervals throughout. The length and width of the left testis 


TABLE 1 


TESTICULAR RESPONSES OF HAMSTERS HOUSED IN 
SIMULATED BURROWS 





Testes weights 


Photoschedule N (mg)* 





16L:8D 9 
10L:14D 10 
10L:14D +30 sec light pulse 10 


3,369 + 118 
375 + 43 
3,309 + 122 





*Testes weights are expressed as the average milligram value of 
the group + the standard error of the mean. 


was measured with calipers. Testicular width is highly corre- 
lated with testicular weight [28], which is, in turn, correlated 
with spermatogenesis and testosterone production [3]. A 
measurement of less than 12x9 mm was considered to indi- 
cate a reproductively inactive condition (Pratt and Goldman, 
unpublished data). All animals were reproductively compe- 
tent at the beginning of the experiment. After 10 weeks of 
exposure to the experimental photoschedules, all the animals 
were sacrificed and the testes were removed and weighed on 
a torsion balance. 


Results 
Shifting the 16L:8D schedule to 10L:14D by delaying the 
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FiG. 4. Phase shifting response of hamsters confined to various parts of their burrows during a photoperiod change. Activity records from the 
three groups of Experiment 3 are shown. Animal No. 8 experienced a 4 hour phase advance in the lighting regimen on D28 and an additional 2 
hour shift in the same direction on D35. Animal No. 3 was confined to the nest box during the first photoperiod change and also during the first 
10 days of the second. Animal No. 13 was similarly confined with the exception of access to one half of the burrow tunnel connecting the nest 
and outer box. The photoperiod in the room was 16L:8D throughout the 60 days of the experiment. 


time of lights-on for 3 hours and delaying the time of lights- 
off by 3 hours did not result in a detectable phase shift in the 
absolute time of activity onset (Fig. 3, D12-D25). This stabil- 
ity in the time of activity onset continued in the 10L:14D 
control group until approximately D50 when activity onset 
became much more variable and the major period of activity 
tended to subdivide into several bouts (Fig. 3; animal No. 
14). Similar changes were seen in the activity records of all 
10 animals in the 10L:14D group. Three of the control sub- 
jects had undergone testicular regression after 6 weeks of 
10L:14D, and all 10 animals in this group showed regression 
by week 10. 

Six hours of supplemental lighting or one 30-second light 
pulse during the last 6 hours of darkness in the animal room 
resulted in phase advances in the onset of the main bout of 
burrow emergence activity. The original 16L:8D phase angle 
of activity onset was reestablished in these animals within 
one week (Fig. 3; animals No. 1 and No. 7; D26-D33). Both 
the 16L:8D group and the pulse group responded identically, 
with all animals remaining reproductively competent 
throughout the study (Table 1). 


EXPERIMENT 3 


In order to interpret the data from the previous experi- 
ments, it became important to determine whether sufficient 
light permeated the burrows to alter the animals’ responses. 
The present experiment was undertaken to investigate 
whether the hamsters were being entrained by dim light 


which might possibly penetrate into their nest boxes or tun- 
nels. 


Method 


Thirty female hamsters, born and raised in our colony, 
were placed into simulated burrows at 24 weeks of age. After 
26 days of exposure to 16L:8D, one group of burrow ham- 
sters was prevented from leaving their nest boxes by block- 
ing the tunnel opening with a piece of wire mesh. Another 
group of hamsters was prevented from entering the outer box 
by a piece of wire mesh placed half way down the tunnel. 


The final group was allowed free access to the outer box as in 
the previous experiments. At the same time, the light/dark 
cycle was phase advanced by 4 hours. One week later, it was 
further phase advanced by an additional 2 hours. Hamsters 
in the first two groups were allowed free access to the outer 
box after 17 days by removing the pieces of wire mesh. Ac- 
tivity was recorded for the subsequent 17 days. In this study, 
water was available in shallow bowls within the nest box. 
Food was also provided in the nest box. 


Results 


Phase advancing the 16L:8D schedule resulted in a phase 
advance in the time of activity onset for those hamsters 
which had free access to the outer box (Fig. 4, animal No. 8). 
Both groups of burrow animals which had been denied ac- 
cess to the outer box failed to show entrainment to the 
shifted photoschedule (Fig. 4, animals No. 3 and No. 13). 
Upon being given free access to the outer chamber, all these 
animals were clearly approaching re-entrainment to the 
photoschedule by D60 (Fig. 4, animals No. 3 and No. 13; 
D44-D66). 


GENERAL DISCUSSION 


The results of Experiment 1 demonstrate that the activity 
rhythms of hamsters housed in simulated burrows showed 
considerable similarity to those of animals in running wheel 
cages. The phase angle for onset of the major period of bur- 
row emergence in 14L:10D was comparable to that for run- 
ning wheel activity [7]. Similar observations have been made 
in a 16L:8D photoperiod [21]. Additionally, there did not 
appear to be any difference in the precision of entrainment or 
of free running rhythmicity between the two conditions. 
Hence, running wheel activity may indicate a similar behav- 
ioral st-te to that represented by the major period of burrow 
emergence, which is likely associated with foraging and cer- 
tain social behaviors in the wild [16]. 

The basic similarity of the activity rhythm, regardless of 
measuring device, has also been reported for hamsters 
whose activity was monitored via spring suspended cages or 
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running wheels [1]. The same interrelationship between 7, 
light intensity levels and activity time were seen in both 
conditions. However, from a visual inspection of the data, 
Aschoff et al. [1] reported that activity onset was less well 
defined and more variable when measured in spring sus- 
pended cages than when measured in running wheels. Addi- 
tionally, activity onset in a 12L:12D photoperiod preceded 
lights-off in spring suspended cages, while running wheel 
activity began only after lights-off. The precision and phase 
angle differences reported between spring suspended cages 
and running wheels probably reflected the much larger range 
of activities recorded in the spring suspended cage paradigm. 
The spring suspended cage system would presumably record 
activities normally occurring within the burrow, in addition 
to burrow emergence. Since we compared only burrow 
emergence to running wheel activities, this may explain why 
we failed to observe phase angle and precision differences. 

The major difference in the activity records of running 
wheel versus burrow housed hamsters was the presence of 
brief bouts of daytime activity seen in all experiments in the 
burrow animals. Exposure to light during the middle portion 
of the light phase may inform the hamster which of the two 
parts of the 24-hour cycle is daytime [19]. Such a parametric 
action of daytime light exposure has been shown to prevent 
phase jumps of the activity rhythm in hamsters entrained to 
skeleton photoperiods. For example, 15 minute light pulses 
received during the subjective day were found to be without 
phase shifting effect, but their parametric action prevented a 
phase jump from one interval to another within a skeleton 
photoperiod framework. In a more naturalistic context, such 
a parametric action of light would prevent a seasonal inver- 
sion of diurnal vs. nocturnal habits [12]. 

Brief daytime emergences are not merely the product of a 
need to obtain water, for they occurred in Experiment 3 even 
when water was available in the nest box. Preliminary work 
had shown that burrow emergence rhythms remained un- 
changed when the water bottle was transferred from the 
outer box to the nest box and vice versa [21]. Additionally, it 
is known that hamsters carry out 85% of their drinking con- 
comitant with nocturnal activity [29]. 

A second difference between burrow emergence and 
running wheel activity rhythms concerned the rs exhibited in 
LL. The mean 7 of hamsters housed in simulated burrows 
was larger than the mean 7 of hamsters housed in running 
wheels. This probably reflects the fact that the burrow ham- 
sters were not, strictly speaking, in constant conditions. It is 


PRATT AND GOLDMAN 


possible that the burrow hamsters in LL were successively 
phase shifted by their own burrow emergence behavior when 
this resulted in exposure to light during the subjective night. 
There would be no such relationship between activity itself 
and light cues in the running wheel paradigm. When activity 
is used as a feedback signal to determine onset and offset of a 
light pulse, the free running period is lengthened in both 
birds and squirrel monkeys [26]. Several other particulars of 
the experimental situation have been reported to influence 
t (2,22). 

The results of Experiment 2 show that a 30-second light 
pulse, given during the dark-time of a 10L:14D regimen, can 
mimic the effects of a long photoperiod upon both entrain- 
ment and reproductive status. The phase advance in the ac- 
tivity rhythm elicited by a single 30-second light pulse was 
the same as that elicited by light chronically available for a 
full six hour period. These observations are in agreement 
with similar studies where Syrian hamsters were exposed to 
brief light pulses while their activity was being monitored via 
running wheels [6]. Similarly, reproductive responses to 
brief pulses of light have been observed in both Djungarian 
and Syrian hamsters [6, 14, 15]. 

The change in the daily pattern of activity approximately 
concomitant with the regression of the testes in short photo- 
period housed hamsters (Experiment 2), is noteworthy. 
After several weeks in short days, daily burrow emergence 
activity onset times became more variable from day-to-day. 
Also, the duration of the major activity period increased. 
Circulating levels of testosterone may well have been re- 
duced by the time this change in the activity pattern became 
apparent. In an earlier study of short day housed hamsters, 
similar changes were noted in the pattern of wheel running 
activity, and a return to the original pattern occurred at the 
time of spontaneous testicular recrudescence [9]. Collec- 
tively, these data suggest that photoperiodically induced 
changes in testicular hormone secretion may be responsible 
for the changes in the activity pattern, an idea supported by 
an earlier study which employed castrated hamsters and 
hormone treatment [17]. 

It has been suggested that the greater part of the literature 
on endogenous circadian rhythmicity is of unknown ecologi- 
cal relevance [11]. If we are to understand the functional 
significance of the circadian system as it applies to behavior, 
the rhythmic patterns must be studied in more natural con- 
texts. The work reported in the present paper is part of such 
an effort in regard to the Syrian hamster. 
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PRATT, B. L. AND B. D. GOLDMAN. Environmental influences upon circadian periodicity of Syrian hamsters. 
PHYSIOL BEHAV 36(1) 91-95, 1986.—The free running period (7) of male Syrian hamsters, when measured as the 
circadian rhythm of emergence from simulated burrows, was compared to 7 when locomotor activity was measured via 
running wheels. In constant darkness, the inter-individual variability of the rs was less among burrow housed hamsters than 
for running wheel housed hamsters. Hence, access to activity wheels eventually led to more disparate activity onset times 
among the running wheel animals, as compared to the relative population synchrony observed when animals were housed 
in simulated burrows. When 7s were contrasted between hamsters housed in standard cages with or without running 
wheels, it appeared that 7 values of hamsters housed in simulated burrows were more similar to those of hamsters housed in 
standard cages without wheels. The data suggests that the 7 of the hamster circadian system may be subject to subtle 


environmental influences. 
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THE free running period (7) is the period manifested by a 
biological rhythm in the absence of environmental timing 
cues. The period of circadian oscillations is species-specific, 
with a genetic component establishing a potential range of 
individual 7 values for each species [17]. 7 is homeostatically 
controlled within limits; it is temperature compensated and 
drug compensated to a considerable extent. It is, nonethe- 
less, subject to individual and intra-individual variation over 
time and with changing physiological states [15]. 

T must remain relatively stable if a sense of local time is to 
be preserved. In fact, the general homeostasis of 7 supports 
the postulate that it is an important feature of biological 
clocks [14]. Without such homeostatic control, the value of 7 
could fall outside the range where entrainment to 24 hour 
cycles is possible [8]. Additionally, 7 lability might cause the 
phasing of the rhythm to change unpredictably in relation- 
ship to the external light/dark cycle, resulting in a loss of 
synchrony to local time [9,15]. 

The + of the Syrian hamster is under very tight homeosta- 
tic control with a value remarkably close to 24 hours. It is 
well-established that the value of t may be changed as a 
result of prior photoperiodic treatment. The long-lasting 
changes incurred by such prior experience have been termed 
‘‘after-effects’’ [2]. In a comparative analysis of pacemaker 
properties of four nocturnal rodents, the 7 of the hamster was 
the least susceptible to perturbation [17]. After-effects were 
seen as a result of phase shifts and of entrainment to non-24 
hour cycles, but did not occur following exposure to con- 
stant light or following entrainment to different photo- 
periods. However, 7 does vary as a function of the endocrine 
milieu as well as in response to varying light intensities [2, 6, 
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13]. The species average value may also change with age 
[16]. Additionally, the particular measuring device used in 
the assessment of the activity rhythm can influence 7 [2]. 
Preliminary observations in our laboratory suggested that +r 
might be different when activity was measured as emergence 
from a simulated burrow as opposed to when activity was 
measured via running wheels [19]. The present experiments 
were conducted to investigate this possibility. 


GENERAL METHOD 
Simulated Burrows 


Simulated burrows consisied of two polypropylene cages 
(19.5 15.58") connected by a tunnel made of black plastic 
pipe (2” diameter) with four 90° turns [20]. The nest box was 
covered with a wooden top; the outer box was covered with 
wire mesh. Infrared phototransistor units were affixed to the 
tunnel near its point of connection with the outer box. The 
phototransistors were connected, via a logic circuit, to an 
Esterline-Angus event recorder. This system was used to 
monitor the entry of an animal into the outer chamber. The 
circuit was designed such that the event recorder pen would 
continue to make rapid deflections as long as the animal 
remained in the outer box and would return to baseline when 
the animal returned into the region of the tunnel proximate to 
the nest chamber. 

Kitty litter, covered by wire mesh, was provided in the 
bottom of both burrow compartments and was changed at 
approximately biweekly intervals. Water was always avail- 
able from a bottle attached to the outer chamber. Food was 
placed directly into the outer box once every few days and 
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FIG. 1. Tau and activity onset values of intact hamsters prior to 
transfer between running wheels and burrows. Activity onset was 
measured on the day that animals were transferred from one record- 
ing device to another. Average values were calculated and plotted in 
the two histograms in the left of the figure. The standard error of the 
mean is represented by the line extending above the bars. Individual 
data points are plotted within each group. The two histogram bars to 
the right represent the free running period of these hamsters for the 
58 days prior to equipment transfer. Once again, individual data 
points are represented within each group. 


was soon hoarded into the nest box by the resident hamster. 
Wayne Lab Blox was supplemented with a mixture of corn, 
sunflower seeds and rolled oats. All animal care functions 
were performed by the experimenter under red light. 


Activity Wheels 


Running wheel cages consisted of a plastic cage 
(16.58x7.5") with a running wheel suspended from the wire 
top. Wheel revolutions were monitored via a magentically 
activated reed switch mounted in a Plexiglas block within the 
wire top. A magnet was attached to the wheel with epoxy. 
Each wheel revolution caused the reed switch to close, re- 
sulting in a single pen deflection on an Esterline-Angus event 
recorder. 


Activity Records 


For both running wheel and burrow housed hamsters, 
activity records were individually pasted in chronological 
order with consecutive 24-hour records arranged one be- 
neath the other. 7 was assessed by first drawing an eye fitted 
line through successive daily activity onsets. The angle of 
this line relative to a vertical reference line was measured 
with a compass. This angle measure was then converted to a 
slope measure, which was used to arrive at an estimate of 7. 


Statistics 


Ts and activity onset values were compared via f-tests in 
each of the two experiments. 


EXPERIMENT 1 


Our earlier observations indicated that the rhythm of bur- 
row emergence and the rhythm of activity shown by animals 
in running wheel cages are basically similar [20]. However, 
the data suggested the possibility that the 7s of hamsters 
housed in simulated burrows might be closer to 24 hours than 
those of hamsters housed with running wheels [19]. The 
present experiment was undertaken to contrast the rs shown 
when activity was measured by these two different means. 
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FIG. 2. Tau values of hamsters prior to and after transfer between 
running wheels and burrows. Activity onset was assessed for each 
animal during various subdivisions of Experiment 1. The days dur- 
ing which the free running period were calculated bracket the histo- 
gram bars on the X axis. Average values were computed and plotted 
in the upper panel for animals transferred from burrows to running 
wheels and in the lower panel for hamsters transferred from running 
wheels to burrows. BUR=burrow and RW=running wheel. The let- 
ters in parentheses (a-f) are included for reference to the groups 
within the text. Individual data points are plotted in addition to the 
average values and standard errors of the means. 


Method 


Thirty male Syrian hamsters, 6-7 weeks of age, were re- 
ceived from Engle Laboratories, Farmersburg, IN. They 
were group-housed in wire cages and maintained on a 
16L:8D schedule (light on 0200-1800 hr) for 5 weeks prior to 
experimental use. Half of the animals were then placed into 
running wheel cages, and the remaining hamsters were 
housed in simulated burrows. Constant darkness was 
enstated following 16 days of activity recording in 16L:8D. 
After 58 days in DD, animals housed in burrows were trans- 
ferred to running wheel cages and the running wheel animals 
were moved to burrows. The time of activity onset on the 
day of transfer between recording devices was measured, as 
was the 7 for the 58 days prior to transfer. Activity recording 
was continued for an additional 152 days. Testicular size was 
monitored at monthly intervals beginning on D116 of the 
study (i.e., 58 days after transfer between wheels and bur- 
rows). The length and width of the left testis was measured 
with calipers while the animal was under ether anaesthesia. 
Testicular width is highly correlated with testicular weight 
[21], which is, in turn, correlated with spermatogenesis and 
testosterone production [4]. A testicular measurement of less 
than 12x9 mm was taken to indicate a reproductively quies- 
cent condition (Pratt and Goldman, unpublished data). All 
animals were reproductively competent at the beginning of 
the experiment. 


Results 


When contrasting running wheel and burrow animals, the 
mean time of activity onset was significantly different after 
58 days of DD in each device (t=2.18, p><0.05). This resulted 
because all burrow hamsters had shown rs greater than 24 
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FIG. 3. Activity records of hamsters transferred between running wheels and burrows. The two bars 
within each record represent the photoperiod which the hamster subsequently experienced. The dark- 
ened area of the bar represents nighttime and the light area denotes the daytime. Each line represents a 
24 hour segment of record with consecutive days underneath one another. Within each days record, 
the darkened area is the time that the animal was either running on the activity wheel or the time that 
the animal was in the outer box of the burrow. The records are entitled ‘‘Burrow’’ or “‘Running 
Wheel’”’ to denote that they are records of hamsters which were initially housed in simulated burrows 
or running wheels respectively. After 58 days of DD, (D74 of the record) animals were switched from 
One apparatus to another. The record for early November through late January was not included 
because it was a continuation of what is already apparent in the record. 


hours, whereas 5 of the 10 running wheel subjects had rs 
which were less than 24 hours (Fig. 1). Activity onset times 
for the running wheel subjects ranged between 1505 hr and 
1915 hr (mean= 16.6+ 1.9 hr), while the range of activity on- 
sets for the burrow animals was only from 1915 hr to 2230 hr 
(mean=20.9+0.3 hr: Fig. 1; left panel). the difference be- 
tween the rs shown by the two groups of hamsters ap- 


proached statistical significance (f=1.84, p<0.08: RW 
mean=24.01+0.018; BUR mean=24.049+0.005: Fig. 1, right 
panel). 

Following transfer of animals from burrows to running 
wheels, there was a trend toward increased variability 
among the individual rs (Fig. 2; a, b, c). An opposite trend 
was observed after transfer of hamsters from wheels to bur- 
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FIG. 4. Free running period and activity onset values of hamsters 
with and without a recording device. Activity onset was measured 
for each individual after six weeks of constant darkness in animals 
which had access to a running wheel during this time (Group 1) and 
in animals which were housed in standard laboratory cages (Group 
2). Average values were calculated and plotted in the two histograms 
in the left of the figure. The standard error of the mean is repre- 
sented by the line extending above the bars. Individual data points 
are plotted within each group. The two histogram bars to the right 
represent the free running periods of these hamsters during the six 
weeks of constant darkness. In the case of those animals without 
access to an activity recording device, tau was interpolated from 
activity onset on the day of wheel introduction in comparison to 
presumed activity onset prior to being placed in constant darkness. 
Once again, individual data points are plotted in addition to the 
average value and standard error of the means. 


rows (Fig. 2; d, e, f). Four of the 5 original running wheel 
subjects which had rs less than 24 hours exhibited rs greater 
than 24 hours following transfer to burrows. 

After 16 weeks in DD, all hamsters had regressed gonads. 
By week 20 of DD, spontaneous recrudescence of the testes 
had begun, and gonadal regrowth was completed by week 
24. Therefore, the 7s of the last 94 days of the study encom- 
passed the time of spontaneous recrudescence, as well as 
approximately 6 weeks of reproductivity competence. Dur- 
ing this time, the difference between running wheel and bur- 
row animal ts was maintained (Fig. 2; c vs. f). Figure 3 
illustrates typical activity records of animals switched from 
one activity measuring device to another. 


EXPERIMENT 2 


The results of Experiment 1 indicated that the mean 7 of 
burrow hamsters differed from that of running wheel 
animals. In order to investigate whether access to a running 
wheel per se had an effect upon r, activity onset and 7 values 
were contrasted between hamsters which had been on 
wheels throughout 6 weeks of DD and hamsters which had 
been housed in DD for the same amount of time without 
access to wheels. 


Method 


Twenty-two male hamsters, 8-9 weeks old, were obtained 
from Engle Laboratories and were housed on a 16L:8D 
photoperiod (lights on 0200-1800 hr). Forty days after ar- 
rival, 12 hamsters were placed into cages with activity 
wheels and the remaining 10 animals were housed in similar 
cages without wheels. Five weeks later, room illumination 
was changed to DD. After six weeks of DD, the animals 
which had been housed in standard laboratory cages were 
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transferred to cages equipped with running wheels. Animals 
were introduced to wheels at the same clock time. The time 
of activity onset was assessed on this day for all animals. The 
7s of hamsters in which activity was not measured for the 
initial 6 weeks in DD, was interpolated from activity onset on 
the day of introduction to wheels as compared to presumed 
activity onset under the original 16L:8D photoperiod (de- 
termined from the animals housed with wheels throughout 
the study). The phase angle of activity onset on the day that 
the animals were first introduced to wheels was apparently a 
valid indicator of the state of the circadian system, as inci- 
dated by the continuity of the activity rhythm pattern begin- 
ning at this time. The rs of running wheel animals were con- 
trasted with the interpolated 7s of hamsters which had been 
in DD for 6 weeks without access to wheels. Testicular size 
was determined after the first 6 weeks in DD and again 2 
weeks later, at the end of the study. 


Results 


Mean activity onset times of animals which had access to 
activity wheels throughout the study differed significantly 
from those of the subjects which were newly introduced to 
wheels after 6 weeks in DD (t=2.53, p<0.02). The range of 
activity onsets was 7.8 hours in the running wheel housed 
hamsters as compared to 3.30 hours in the animals newly 
introduced to wheels (Fig. 4; left panel). Similarly to the 
results in Experiment 1, 6 running wheel animals exhibited rs 
less than 24 hours, while the remaining 6 wheel subjects had 
Ts greater than 24 hours (mean=23.96+0.053; Fig. 4; right 
panel). In contrast, 9 out of the 10 animals without access to 
wheels phase advanced with interpolated rs less than 24 
hours, and the remaining hamster showed an interpolated 7 
slightly greater than 24 hours (mean=23.96+0.007). Ten of 
the 12 running wheel hamsters and all 10 hamsters without 
wheels had large testes after 6 weeks in DD. Between 6 and 8 
weeks in DD, four males which had been housed with wheels 
for 2 weeks underwent testicular regression. 


GENERAL DISCUSSION 


The results of the present study suggest that 7 of the 
hamster circadian system may be subject to subtle en- 
[3]. Additionally, Aschoff et al. [2], in comparing the mean 7 of 
wheel may itself exert a slight influence on the distribution of 
ts exhibited by a group of hamsters in DD. Hamsters housed 
in standard cages without wheels, or in simulated burrows, 
showed relatively little inter-individual variability among 
their ts as compared to hamsters housed with running 
wheels. As a consequence, access to activity wheels even- 
tually led to more disparate activity onset times among the 
running wheel animals (7.83 hr range after 6 weeks of DD in 
Experiment 2; 9.75 hr range after 8 weeks of DD in Experi- 
ment 1), as compared to the relative population synchrony 
Observed when animals were housed either in simulated bur- 
rows (3.25 hr range in Experiment 1) or in standard labora- 
tory cages (3.30 hr range in Experiment 2). 

The results of Experiment 2 suggest that the 7 of the ac- 
tivity rhythm is different for animals housed in standard 
cages without activity wheels as compared to animals with 
access to wheels. However, it should be noted that in the 
case of the animals housed without wheels, interpolated 7s 
were derived from observations of initial activity onset times 
following introduction of activity wheels after a 6 week 
period in DD. It remains possible that the time-of-day of 
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introduction to the wheel may have influenced the subse- 
quent phase of locomotor activity onset, although we are 
unaware of any evidence for such a phenomenon. 

Other reports in the literature suggest that the particulars 
of the experimental! situation can influence 7. 7 can be influ- 
enced by whether animals are housed singly or in groups [3], 
in the presence or absence of a nest box (Saint Paul 1973, 
cited in [3]) or in a self-selected lighting regimen apparatus 
[3]. Additionally, Aschoff er al. [2], in comparing the mean 7 of 
hamsters housed in spring suspended cages to that of ham- 
Sters additionally housed with running wheels, observed that 
running wheel housed subjects had slightly longer periods. In 
the present study the mean 7 of hamsters housed in running 
wheels was less than the mean 7 of hamsters housed in simu- 
lated burrows (Experiment 1). These differences resulted 
from different distributions of rs in the two groups rather 
than from a consistent tendency for 7 to take on a particular 
value. Aschoff et al. did not report the standard error of the 
mean, so that the intergroup difference that they report may 
also result from a difference in the distribution of rs. Alter- 
natively, their results may have included a clear tendency for 
a directional change in r. 

In addition to the apparent effects of running wheel activ- 
ity on the distribution of rs, other effects of running wheel 
activity have been reported. Access to an activity wheel ap- 
pears to delay both gonadal regression and the onset of hiber- 
nation in hamsters which are exposed to either a short day 
photoperiod or cold respectively [7,10]. Also, access to an 
activity wheel may accelerate a return to ovulatory cycles in 
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hamsters which are exposed to wheels after the onset of 
short photoperiod induced acyclicity [5]. It is also known 
that the effect of castration and testosterone replacement 
therapy upon the amount and distribution of activity in male 
hamsters was contingent upon whether or not a running 
wheel was available to the animal prior to treatment. If ex- 
perimental manipulations were performed prior to wheel ex- 
posure, significant effects of the treatments were observed. 
In contrast, if animals were allowed to run on wheels before 
experimental treatment, the treatment usually did not alter 
subsequent wheel running behavior [12]. 

It is not known what behavioral state is reflected by 
wheel-running. We have suggested that running-wheel be- 
havior, because of its temporal similarity to emergence ac- 
tivity from simulated burrows, is most likely associated with 
foraging and certain social behaviors in the wild [20]. This is 
in agreement with the work of Mather [11], who found explo- 
ration of a novel area to be correlated with wheel-running 
activity. 

It is difficult to assess whether the apparent effect of 
wheel running behavior upon 7 distribution might have any 
Significance for the entrainment of circadian oscillators. 
especially since the entrained activity patterns of hamsters in 
simulated burrows were very similar to those of hamsters 
housed with activity wheels [20]. Phase response curve 
(PRC) lability might compensate for changes in 7, if r and the 
PRC tend to change in a complementary way leading to the 
maintenance of an ecologically appropriate time of activity 
onset [18]. 
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AMBROGI LORENZINI, C., C. BUCHERELLI AND A. GIACHETTI. Some factors influencing conditioned and 
spontaneous behavior of rats in the light-dark box test. PHYSIOL BEHAV 36(1) 97-101, 1986.—Step-through and exit 
latencies in the light-dark box test were used to examine the effects of unconditioned exploration, the physical charac- 
teristics of the apparatus and detention on passive and active avoidance. Experiment 1, in which the subjects (Ss) received 
inescapable shocks in the dark chamber, shows that omission of the free exploration of the apparatus does not signifi- 
cantly affect acquisition and retention of either of the learned responses. Further, passive avoidance, compared with active 
avoidance is, by far, the better consolidated response. Experiment 2, which is the reverse of Experiment 1, (the dark 
chamber becomes the safe box, and the punishments are administered in the light chamber) emphasizes the role played by 
the physical characteristics of the two chambers of the apparatus. This role is shown by the improvement of the active 
avoidance response. Experiment 3 confirms the importance of detention in influencing the behavior of conditioned and 


control Ss. These results underscore the basic differences of active and passive avoidance responses. 
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IT has already been shown that both a passive and an active 
avoidance response appeared in the light-dark box test [2]. 
The passive avoidance response was better retained than 
active avoidance, which appeared to be reinforcement- 
dependent. 

We advanced the hypothesis that the inhibitory effect of 
the unconditioned exploration period could exert unequal 
influences on the two responses. In addition, learning and 
extinction may also be influenced by the detention of the 
subjects (Ss) in some part of the apparatus [9, 21, 23]. 

We report here the results of experiments designed to 
determine if and how initial unconditioned exploration influ- 
ences the retention of the passive versus the active re- 
sponses, the possible influence of the physical charac- 
teristics of the two chambers on learning and retention, and 
the influence of detention on free versus conditioned behav- 
ior of Ss. 

Three experiments were designed to analyze these varia- 
bles. (1) In the first experiment, the original paradigm was 
repeated, but the initial week of free exploration of the appa- 
ratus was omitted to test the influence of free exploration on 
the acquisition of the two learned responses (active and pas- 
sive avoidance). (2) In the second experiment, the original 
paradigm was reversed by administering the inescapable 
punishments in the light chamber. This experiment assessed 
the effects of the physical characteristics of the chambers on 
learning and retention. (3) In the third experiment the Ss 
were detained in the light chamber, to assess the influence of 
detention on rats’ unconditioned exploratory behavior and 
on their spontaneous preference for the dark. 


EXPERIMENT | 


METHOD 


Sixteen naive Wistar rats aged 60 days were employed, 8 
as conditioned Ss (one died on day 16 of the experiment) and 
8 as control Ss. 

The Ss were individually housed in stainless steel cages, 
at a temperature of 20+1°C, with natural illumination. The 
animals received food and water ad lib. Every day after the 
testing sessions, cages were cleaned, food troughs and water 
bottles were refilled. The light-dark box was situated in an 
acoustically isolated room, kept at constant temperature, 
20+ 1°C, and illuminated at 75 lux. 

The apparatus consisted of a light chamber (opaque white 
plastic walls and ceiling, 30x21x15 cm), and of a dark 
chamber (opaque black plastic walls and ceiling, 30x21 15 
cm). The floor of both chambers was made of stainless steel 
rods (2.5 mm diameter, spaced 1 cm), and those of the dark 
chamber could be electrified. The two chambers were con- 
nected by a passage (opaque white plastic, 9x86 cm), with 
a guillotine door near the dark chamber. The Ss were manu- 
ally placed one-by-one in the apparatus, starting at 1100 
hours. 

The paradigm was the following: Reinforced Learning 
Period (RLP, 7 daily tests), immediately followed by the 
Forced Extinction-Retention I Period (FERP I, 7 daily tests), 
and by Forced Extinction-Retention II Period (FERP Il, 6 
tests every 4 days), and finally, Forced Extinction-Retention 
IJI Period (FERP III, 6 tests every 15-20 days). During RLP 
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FIG. 1. Step-through latency values of Experiment 1. A conditioned 
Ss, A control Ss. Symbols indicate trial mean values; horizontal 
lines, with smaller symbols, give mean period value and S.E. 


conditioned Ss were initially placed in the light chamber, 
with the door between the two chambers open. Step-through 
latency from the light into the dark chamber was measured. 
After the Ss had gone into the dark chamber, the door was 
closed. Whenever step-through latency values were higher 
than 60 sec, the Ss were manually placed inside the dark 
chamber, with the door closed. In the dark chamber, the Ss 
received 10 inescapable shocks (5 sec, 1.5 mA) at 15 sec 
intervals. At the end of the last shock, the door was opened, 
and the exit latency from the dark chamber was measured. 
The 8 control Ss were subjected to the same paradigm, but 
received no punishments. During all trials of FERP I, FERP 
II and FERP III, all Ss of both groups were subjected to the 
same paradigm employed for control Ss during RLP (con- 
fined inside the dark chamber for 300 seconds instead of 200 
sec, extinction). Step-through and exit latency values were 
measured for all Ss (retention). Latency times were taken 
when all 4 paws were placed in the appropriate chamber. 
Step-through latencies were divided into three groups: days 
2-8, 9-14 and 15-20. The values of day 1 were not included 
because the Ss had gone from the light into the dark chamber 
before receiving punishments. The value of day 8 was in- 
cluded in RLP because it was obtained before the first trial 
without punishments. Exit latency values were divided into 
three groups: days 1-7, 8-14, 15-20. The value of day 1 was 
included because it was obtained after the Ss had received 
the inescapable shocks, and the value of day 8 was included 
in FERP I because it was obtained after the omission of 
reinforcements. The analysis of variance was performed on 
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FIG. 2. Exit latency values of Experiment 1. For explanation see 
Fig. 1. 


the grouped data for RLP, FERP I and FERP II (with 
p<0.001). 


RESULTS 
(a) Step-Through Latency 


The passive avoidance response (Fig. 1) was already es- 
tablished after the first trial, and was retained for a long time. 
Step-through latency values of conditioned Ss were much 
higher than those of control Ss, throughout RLP, 
F(1,110)=1802.3, FERP I, F(1,94)=849.7 and FERP II, 
F(1,88)=281.4. Significant differences between conditioned 
and control Ss were also found for the first trials of FERP III 
(F(1,13), trial no. 21=42.7, trial no. 22=46.5, trial no. 23=17, 
trial no. 24=16.4, trial no. 25=14.5). The differences were 
statistically not significant, F(1,13)=3.6, on trial no. 26, 129 
days after the administration of the last reinforcement. For 
conditioned Ss, no significant differences were found be- 
tween RLP, FERP I and FERP II, F(2,143)=5.7; the same 
result was obtained for control Ss during the same periods, 
F(2,149)=2.8. 


(b) Exit Latency 


The active avoidance response (Fig. 2) was well estab- 
lished during RLP as shown by the low latency values of 
conditioned Ss, F(1,110)=576. During FERP I, the exit la- 
tency values of conditioned Ss were much higher than those 
measured during RLP, F(1,110)=2455.4. There was not a 
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FIG. 3. Step-through latency values of Experiment 2. &@ conditioned 


Ss, 0 control Ss. Symbols indicate trial mean values; horizontal 
lines, with smaller symbols, give mean period value and S.E. 


significant difference between conditioned and control Ss, 
F(1,110)=6.5. The same results were obtained during FERP 
II, F(1,88)=5.6. Exit latency values of control Ss remained 
constant throughout the entire experiment: no significant 
differences were found among the three periods under study, 
F(2,157)=0.1. 


DISCUSSION 


In this paradigm the passive avoidance response lasted 
for more than four months, notwithstanding extinction. The 
omission of the initial period of unconditioned exploration 
did not decrease the differences in extinction between active 
and passive avoidance responses [2]. On the contrary, in a 
previous report [2], during RLP step-through latency values 
(passive avoidance) of conditioned Ss were 52.2 sec+2.4 
S.E., versus 58.9 sec+1.0 S.E. in the present experiment. In 
the previous report [2], during FERP 1 tne values were 49.8 
sec+3.1S.E., versus 56.4 sec+1.8 S.E. in the present exper- 
iment. These results are in agreement with the published 
data [10,12]. 

Exit latency values (active avoidance) of the same Ss dur- 
ing FERP I in the previous experiments [2] were 45.8 
sec+2.8 S.E. versus 56.0 sec+1.6 S.E. in the present experi- 
ment. These data show a trend towards poorer performance. 
Thus, the comparison of the results of the two experiments 
shows that the omission of the unconditioned exploration 
tends, if anything, to increase the differences exhibited by 
the two learned responses during extinction. In other words, 
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FIG. 4. Exit latency values of Experiment 2. For explanation see 
Fig. 3. 


free exploration does not appear to be responsible for the 
different temporal development of the two responses. 


EXPERIMENT 2 


METHOD 


Sixteen naive male Wistar rats aged 60 days were em- 
ployed, 8 as conditioned Ss and 8 as control Ss. Housing, 
experiment timing and location were the same as in Experi- 
ment 1. The light-dark box was similar to the one used in 
Experiment 1, but the passage between the two chambers 
was made of opaque black plastic, with the door on the side 
of the light chamber. The floor of the light chamber was 
electrifiable. The Ss were initially placed inside the dark 
chamber. When inside the light chamber, the Ss received the 
same inescapable punishments as in Experiment | (reversal 
of Experiment 1). The experiment consisted of RLP, FERP I 
and FERP II. Latency values were grouped as in Experiment 
1; as before, the ANOVA was used for statistical analysis. 


RESULTS 
(a) Step-Through Latency 


The passive avoidance response (Fig. 3) also appeared 
early in this experiment, after the first trial. Step-through 
latency values of conditioned Ss were significantly higher 
than those of control Ss, both during RLP, F(1,110)=35.7, 
and FERP I, F(1,94)=10.8. During FERP II, no statistically 
significant differences were found between step-through la- 
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tency values of conditioned and control Ss, F(1,94)=3.6. On 
the other hand, step-through latency values of conditioned 
Ss remained constant during the three periods under study, 
F(2,149)=0.7. Step-through latency values of control Ss 
also remained constant during these same periods, 
F(2,148)=3.5. 


(b) Exit Latency 


The active avoidance response (Fig. 4) appeared early 
during RLP. Exit latency values of conditioned Ss were 
Statistically lower than those of control Ss, F(1,110)=76.7. 
During FERP I, exit latency values of conditioned Ss, al- 
though higher than those of RLP, F(1,110)=94.6, still re- 
mained lower than those of control Ss for the same period, 
F(1,110)=11.8. The statistical difference between con- 
ditioned and control Ss disappeared during FERP II, 
F(1,94)=0.3. Control Ss’ behavior remained constant 
throughout the three periods under study, F(2,157)=2.1. 


DISCUSSION 


The experiment was ended before FERP III, because dur- 
ing FERP II, both for step-through and exit latency values, 
there was no longer a statistically significant difference be- 
tween conditioned and control Ss. 

According to the way in which step-through latency re- 
sults are analyzed, contrasting conclusions may be reached. 
On the one hand, conditioned Ss exhibited high step-through 
latency values, without statistically significant differences 
between the periods under study. These data may indicate 
that there is a good retention of the passive avoidance re- 
sponse. On the other hand, significant statistical differences 
between conditioned and control Ss disappeared during 
FERP II. This fact may mean that the passive avoidance 
response was no longer present. Possibly, in this instance, 
considering the routinely high step-through latency values of 
control Ss when going from the dark into the light chamber, 
the 60 sec limit, adopted for all experiments, was not suffi- 
cient to measure completely the potential expression of the 
learned component. The active avoidance response was 
present both during RLP and FERP I, and appeared to be 
retained to a greater degree than the same response in Exper- 
iment 1, in which the Ss received the inescapable punish- 
ments in the spontaneously preferred chamber. 


EXPERIMENT 3 


METHOD 


Six naive male Wistar rats aged 60 days were employed. 
Housing, experiment timing and location were the same as in 
Experiment 1. The same apparatus as in Experiment 1 was 
employed. 

The Ss underwent 7 daily trials. The Ss were initially 
placed in the light chamber, with the door closed, and were 
confined in it for 200 sec. At the end of this time, the door 
was opened and step-through latency was measured up to 60 
sec. Latency values were grouped as in Experiment | and 2, 
and were treated with the same statistical methods. 


RESULTS 


Step-through latency values appeared to be much higher 
(55.8 sec+ 1.8 S.E.) than those of control Ss of Experiment 1 
(Fig. 1) during RLP (3.7 sec+0.8 S.E.), with a significant 
statistical difference between the two sets of values, 
F(1,96)=83.6. 
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DISCUSSION 


Confinement in the starting chamber caused an apparent in- 
crease of step-through latency values for the entrance of the 
Ss into the dark chamber. This result may indicate that the 
spontaneous behavior of rats in the light-dark box can 
be profoundly influenced by the amount of time obligatorily 
spent in the light chamber, thus modifying or masking the 
spontaneous preference of rats for the dark. 


GENERAL DISCUSSION 


(1) UNCONDITIONED EXPLORATION 


Experiment | shows that the hypothesis advanced in our 
previous report [2] is not tenable. In fact, after the omission 
of the free exploration period, the differences in the retention 
of the two learned responses did not disappear or decrease. 
Therefore, a role in determining these differences cannot be 
attributed to the free exploration period. 


(2) PHYSICAL CHARACTERISTICS OF THE TWO CHAMBERS 


The importance of these characteristics on rats’ behavior 
is underlined by several observations indicating a marked 
preference of the Ss for the dark. 

Preference for the dark is shown by the analysis of step- 
through latency values of control Ss in Experiments 1 (Fig. 
1) and 2 (Fig. 2). Significant differences between the two 
groups of Ss were present during all the periods under study: 
RLP, F(1,110)=159.8; FERP I, F(1,94)=296.6; FERP II, 
F(1,94)=533.7. Secondly, preference for the dark is also 
shown by the unequal retention of the active avoidance re- 
sponse by the conditioned Ss of Experiments 1 (Fig. 2) and 2 
(Fig. 4). In fact, when punishments were administered (ac- 
quisition), there were no significant differences between exit 
latency values of the two groups of Ss (RLP, F(1,110)=0.3). 
Significant though less dramaiic differences appeared and 
were maintained during extinction FERP I, F(1,110)=24.3 
p<0.001; FERP II, F(1,88)=8.5, p<0.01. During extinc- 
tion, when reinforcements were omitted, some interplay 
might have occurred between the traces left by the 
punishments and the physical characteristics of the cham- 
bers. In Experiment 2, if we accept that going from the light 
into the dark chamber was influenced both by punishments 
and by the preference of the rats for the dark, then these 
parameters should act consensually. The opposite should be 
true for the Ss of Experiment 1; for these, the memory of 
punishments and preference for the dark were conflicting 
([15], p. 234). 


(3) EFFECTS OF DETENTION 


Detention diminishes the spontaneous preference of the 
Ss for the dark. In fact, no significant statistical differences 
between exit latency values of control Ss of Experiment 1 
(Fig. 2) and Experiment 2 (Fig. 4) were found in any of the 
three periods under study: RLP, F(1,110)=4.3; FERP I, 
F(1,100)=1.3; FERP II, F(1,94)=0.1. In other words, exit 
latencies of control Ss do not exhibit the sharp differentiation 
which is found in step-through latencies (low values from the 
light into the dark chamber, against the high values from the 
dark into the light chamber). It must be kept in mind that exit 
latencies were measured immediately after the confinement 
of the Ss, while step-through latencies were measured either 
24 hours after the detention (RLP and FERP I) or 72 hours 
after it (FERP II). And because detention is most influential 
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immediately before the trial [23,24] we cannot compare its 
effects on the two behaviors. 

The results of Experiment 3 further support this conclu- 
sion: detention in the starting chamber significantly in- 
creases step-through latency values. These values are quite 
similar to the exit latency values of control Ss of Experiment 
2 (RLP), i.e., of those Ss that were detained for the same 
duration (200 sec) in the light chamber, F(1,96)=0.4. 

In conclusion, the unconditioned exploration of the appa- 
ratus does not markedly influence the diverse temporal de- 
velopment of the two responses. The active avoidance re- 
sponse still disappeared early, while the passive avoidance 
was maintained for up to four months. These results confirm 
that it is easier to learn passive avoidance than active 
avoidance. This difference has been explained on the basis 
that passive avoidance can be sustained solely by fear ac- 
quisition, while for the active avoidance response the animal 
must learn a specific response [5]. The motor inhibition that 
follows inescapable punishments may also play an opposite 
role in the two responses [7,26]. Moreover, the alterations of 
the equilibrium of certain subcortical structures, particularly 
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the hippocampus and amygdala, may weigh for or against the 
two learned responses. This possibility is shown both by 
selective lesion studies [4, 8, 15, 16, 19, 25, 26] and by neuro- 
transmitter studies [1, 13, 14, 20]. 

A point of controversy is the influence of the permanence 
of the Ss in any of the several chambers of the apparatus 
(safe, shock, neutral) (3, 6, 9, 17, 18, 21, 24, 27, 28], in which 
the animals had to perform meaningful choices [4, 11, 15]. 
Our results support the view that the physical characteristics 
of the chambers influence the behavior of the animals, as 
shown by the values of step-through latency in control Ss. 
Mention must also be made of the evident negative effects of 
detention on the preferential behavior of the Ss. 
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GRAHAM, S. AND R. GANDELMAN. The expression of ano-genital distance data in the mouse. PHYSIOL BEHAV 
36(1) 103-104, 1986.—Ano-genital distance (AGD) obtained from male and female mice at birth correlated significantly with 
body weight. Body length did not correlate significantly with AGD in females. Although it did so in the males, the 
coefficient accounted for less than half of the variance relative to that obtained by correlating AGD with weight. It is 
suggested that transformed AGD scores (AGD/body weight) rather than raw AGD data be analyzed when AGD is used to 
determine whether an independent variable that may affect body weight influences the prenatal hormone milieu. 
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DISTANCE between the anus and genital protruberance for 
newborn of various species including mouse and rat, is the 
sole external sex-differentiating marker; ano-genital distance 
(AGD) is greater in the male. This gender difference results 
from the action of fetal testicular androgen as demonstrated, 
for example, by the lengthened AGD’s of females born of 
mothers administered testosterone during pregnancy [3,6]. 
Owing to the determinative role of the endocrine system as 
well as the ease with which AGD measures may be obtained, 
AGD has been used frequently as an index of sexual differ- 
entiation, that is, as a means of ascertaining whether signifi- 
cant titres of androgen were present during the latter portion 
of the fetal period. Citing but two examples, females situated 
in utero adjacent to males have longer AGD’s than females 
situated contiguous to no males [1,4], thus strongly suggest- 
ing that females contiguous to males are exposed to elevated 
levels of testosterone. Also, it may be inferred that the re- 
duction in AGD of male rats exposed prenatally to alcohol is 
caused by the adverse effect of the drug upon testosterone 
production [5]. 

Intuitively, in addition to varying as a function of prenatal 
exposure to androgen, AGD also should vary directly with 
body size. If that indeed is the case, a problem exists when 
AGD is used as a dependent measure to assess the action of 
an independent variable that either is known to influence 
body size or that has yet to be shown to exert no influence 
upon it. Should an independent variable augment body size, 
a concomitant increase in AGD might have nothing to do 
with enhanced levels of testosterone, or at best, might result 
from a combination of enhanced hormone exposure and 
body size. Similarly, a reduction in AGD along with reduced 
body size might not represent incomplete masculinization. 

The present experiment is designed to determine whether 
AGD does in fact covary with body size. If so, we will specify 
that aspect of body size, weight or length, which covaries 





most closely with AGD to use in transformation of raw AGD 
data. 


METHOD 


On the day of birth Rockland-Swiss albino mice from 9 
litters were combined and 30 females and 30 males selected 
at random. Three measures were obtained from each sub- 
ject; AGD, length and weight. Ano-genital distance, the 
space between the base of the genitals and anterior margin of 
the anus, was assessed with a micrometer. Body length, also 
measured with a micrometer, was the distance between the 
tip of the nose and base of the tail as assessed ventrally. 


RESULTS AND DISCUSSION 


The mean AGD of the females was 1.19 mm (SD=0.15) 
and that of the males 2.58 mm (SD=0.24), a statistically 
significant, 1(58)=25.86, p<0.001, and expected gender 
difference. Table 1 presents the mean and SD of the weight 
and length data and their correlation with AGD. For both 
sexes the AGD-weight computation yielded a higher corre- 
lation coefficient than did the AGD-length computation. 
Only the AGD-weight correlation was statistically significant 
in the females (p<0.05) [2]. While both correlations were 
significant in the males, the AGD-weight coefficient ac- 
counts for over twice as much of the variance as does the 
AGD-length coefficient. 

The results demonstrate that body size does covary with 
AGD and that weight is the aspect of body size to be used as 
the covariate in females and the most appropriate aspect of 
size in males. Transformed AGD data may be obtained by 
dividing AGD by weight. The results of such a transforma- 
tion are shown in Table 2. The AGD data were ranked and 
two subgroups formed from the upper and lower halves of 
the distribution. As can be seen, for both females and males 


‘Requests for reprints should be addressed to Dr. Ronaid Gandelman, Department of Psychology, Rutgers University, Busch Campus, New 
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TABLE 1 


MEAN, SD, AND CORRELATION OF BODY LENGTH AND BODY 
WEIGHT WITH AGD FOR NEWBORN MALE AND FEMALE MICE 





Body Weight (g) 
Mean SD r 


Body Length (mm) 
Mean SD r 





Male 1.64 0.21 .665* 
Female 1.57 0.24 .364t 


29.27 2.09 
DB. 2.82 





Each group contained 30 subjects. 
*p<0.01; tp<0.05; tn.s. 


the transformed data yield a smaller numerical difference 
between the subgroups than do the raw AGD data. The 
transformed data also yield smaller variances. 

The data have shown that AGD and body weight are sig- 
nificantly related in the mouse. Therefore, unless one is cer- 
tain that an independent variable does not affect weight, 
AGD data should be transformed in order to lessen the 
possibility that spurious conclusions are drawn regarding the 
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TABLE 2 


MEAN AND SD OF RAW AND TRANSFORMED (AGD/WEIGHT) AGD 
DATA OBTAINED FROM MICE IN THE LOWER AND UPPER HALVES 
OF AGD DISTRIBUTION 





Mean AGD- SD Mean transformed AGD SD 





Male 


Lower 2.40 
Upper 79 


Female 


Lower 1.05 0.06 
Upper 1.32 0.08 





Each group contained 15 subjects. 


action of the independent variable upon the hormonal milieu 
of the fetus. While it remains to be determined, it seems 
likely that the same stricture applies to species other than the 
mouse. 
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CLARKE, J. D. AND G. J. COLEMAN. Persistent meal-associated rhythms in SCN-lesioned rats. PHYSIOL BEHAV 
36(1) 105-113, 1986.—An experiment was conducted to determine whether meal-associated rhythms could be demonstrated 
to persist in SCN-lesioned rats. A previously used paradigm in which periods of deprivation were alternated with ad lib 
food availability was used. Evidence for persistent wheel-running and drinking rhythms was observed in SCN-lesioned 
rats. It was concluded that meal-associated rhythms are associated with an endogenous oscillator distinct from the SCN 
and that it may not be entirely subservient to the SCN-based oscillator in intact rats. 
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RATS exposed to daily food restriction schedules and sub- 
sequently deprived entirely for a few days typically show 
increased wheel-running activity [1, 4, 5, 10, 16, 17] and 
increased rates of lever pressing [5] at the former time of 
feeding. In this respect, the behaviour of SCN-lesioned rats 
is not different from that of intact rats [5,17]. SCN-lesioned 
rats also show transient anticipatory wheel-running activity 
when a meal-schedule is phase shifted [15]. 

Recently, it has been demonstrated that ad lib feeding 
abolishes this residual meal-associated activity but that it 
reappears during periods of total food deprivation [6,13]. 
This result was taken to imply that this persistent meal- 
associated activity was coupled to an oscillator distinct from 
the light/dark (LD) entrained oscillator associated with the 
suprachiasmatic nuclei of the hypothalamus (SCN) [14]. The 
main reason for this conclusion was the lack of a consistent 
phase-relationship between the free-running LD-associated 
activity and the activity associated with the previous meal 
schedule. Other research using restricted feeding schedules 
with periods close to 24 hr has led to the same conclusion [3]. 

However, the persistence of meal-associated activity 
rhythms may be a consequence of continuous consultation of 
the SCN-based oscillator by a damped oscillatory system 
and may not reflect separate oscillatory control. The 
rhythms may be a consequence of learned associations be- 
tween the expectation of food and the subjective day-night 
rhythms. 

It is proposed here to study meal-associated wheel- 
running activity in SCN-lesioned rats using a paradigm re- 
ported previously [6]. The absence of persistent meal- 
associated rhythms in SCN-lesioned rats would implicate the 
SCN in the control of such rhythms while their persistence 
would demonstrate not only that there is separate oscillatory 
control of these rhythms, but that the neural pathway to 
other loci does not include the SCN. 

In addition to examining the role of the SCN in the medi- 
ation of meal-associated rhythmicity, the proposed experi- 
ment provides the opportunity to investigate the effects of 


restricted feeding schedules on the drinking rhythm. After 
exposing rats to non-circadian food restriction schedules, it 
has been concluded that the observed non-circadian periods 
in drinking were a result of ‘‘the direct driving of drinking 
behaviour (by the feeding schedules), rather than the syn- 
chronization of an underlying circadian pacemaker’’ ({5], 
p. 52). 


METHOD 
Animals 


Male, Long-Evans rats approximately 120 days old at the 
beginning of the experiment were used. 


Apparatus 


Rats were housed in a rack of 25 wire-mesh cages in a 
sound-attenuated, temperature-controlled (22+1°C) room 
which measured 2.4x2.4x3.0 m. Lighting was provided by 
two 40-watt white fluorescent tubes mounted behind plastic 
diffusing lenses on the ceiling. A 25-watt red incandescent 
globe mounted in a desk lamp was left glowing continuously. 
Powdered food (GR2 + Clark King) was available from food 
cups mounted on flat springs with strain gauges attached [2]. 
Water was available from cups with a protruding nipple and 
similarly suspended on flat springs with strain gauges at- 
tached. Access to the food and water cups was controlled by 
an aluminium plate, hinged from above and motor driven by 
a screw. Running wheels were attached to the front of the 
cages and each wheel revolution activated a small micro- 
switch. 

Food and water access was controlled and food and water 
intake and wheel-running activity were recorded by a com- 
puter in a nearby room. 


Surgery 


After approximately 24 hr of food deprivation, rats were 
anaesthetized with pentobarbitone sodium (Nembutal, Ab- 
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INTACT 


FIG. 1. Schematic representation of SCN lesions. The number at the top of the figure refers to 
Pellegrino and Cushman [12] coordinates. Complete destruction of the SCN (a) occurred in four rats. 
In two others (b) the posterior portion of the lesion was concentrated unilaterally. V, ventricle; MPO, 
medial preoptic area; SO, superoptic nucleus; SCN, suprachiasmatic nuclei; OC, optic chiasm. 


bott Co., 50-60 mg/kg) and placed in a Narashigi stereotaxic 
instrument. Bilateral lesions of 2.0 mA D.C. for 15 sec, 0.3 
mm lateral to the midline, 0.6 mm posterior to bregma and 
0.8 mm above the floor of the cranial cavity were conducted. 


Procedure 


SCN lesions were conducted on 12 rats and the subse- 
quent wheel-running activity patterns under a LD 14:10 
cycle were examined. Ten rats showed a loss of behavioural 
rhythmicity and seven of these were selected for subsequent 
experimentation. These were placed in the cages with six 
sham-lesioned controls. After seven days of data collection 
under ad lib feeding conditions and LD 14:10 (lights on 0600 
hr), rats were permitted food access from 1200 to 1400 hr 
daily for 41 days. This treatment was designed to establish 
anticipatory wheel-running activity under a concurrent LD 
cycle. Rats were then fed ad lib on day 42. 

On the day of the withdrawal of the food restriction 
schedule, the lighting was changed to DD (dim red) from 
2000 hr. On the fifth day of ad lib feeding, rats were food 


deprived from 2000 hr and returned to ad lib feeding at 2000 
hr three days later. These three-day deprivation sessions 
were repeated beginning on days 15, 25, 36, 46, 56, 66 and 76. 
This procedure was adopted to determine whether the bursts 
of meal-associated activity in intact rats observed previously 
[6] are observable in SCN-lesioned rats. 

Five additional, intact rats were introduced on day 22 of 
the DD conditions. These rats had not been previously ex- 
posed to restricted feeding schedules and were subjected to 
the same three-day deprivation sessions as the other rats 
beginning on day 36. This control group was introduced so 
that behavioural comparisons during the three-day depriva- 
tion sessions could be made between rats that had been ex- 
posed previously to a restricted feeding schedule and rats 
that had not. 

At the end of the experiment, lesioned rats were anaes- 
thetized with an overdose of pentobarbitone, brains were 
removed and placed in 10% formal saline for at least seven 
days prior to histological examination. 

Histological examination of the sectioned brains con- 
firmed complete destruction of the SCN in four cases (Fig. 
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FIG. 2. Double-plotted wheel-running activity for a typical sham-lesioned rat. Rats were fed for 2 hr at 1200 hr under an LD 14:10 schedule. At 


DD lighting was changed to constant dark. Subsequent horizontal bands indicate periods of ad lib food ilability i 
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la). In two other brains, although the anterior portion of the 
SCN was completely lesioned, the lesions were not concen- 
trated on the midline posteriorly, and there was some indi- 
cation that the posterior pole of the SCN remained intact 
unilaterally (Fig. 1b). The seventh brain was damaged during 
sectioning. The behavioural data from this rat were not as- 
sessed. 

Typical wheel-running activity records from sham- 
lesioned and SCN-lesioned rats are presented in Figs. 2 and 3 
respectively. All rats demonstrated anticipatory activity dur- 
ing the restriction schedule. 

During the subsequent deprivation sessions all rats 
showed bursts of activity that remained distinct from running 
that occurred during the subjective night. In this respect, the 


meal-associated rhythm of SCN-lesioned rats was more po- 
tent than that of controls. Meal-associated activity was 
clearly discernible in the records of the four fully-lesioned 
rats during the fifth deprivation session. In the sham- 
lesioned rats running during the fifth deprivation session 
could barely be identified as a separate bout of meal- 
associated activity. 

A typical plotted activity and drinking record from the 
non-meal fed control rats is presented in Fig. 4A,B. Wheel 
running activity in these rats during the deprivation sessions 
was more or less randomly distributed throughout the sub- 
jective day and night. There was no clear separation of ac- 
tivity or drinking during the deprivation sessions that was 
characteristic of meal-fed rats. 
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FIG. 3. Double-plotted wheel-running activity for a typical SCN-lesioned rat. Conventions are the same as in Fig. 2. 


During the application of the food restriction schedule, 
the peak in drinking occurred prandially in some rats (Fig. 5) 
and post-prandially in others (Fig. 6). A number of rats also 
engaged in anticipatory drinking (Fig. 6). SCN-lesioned and 
sham-lesioned rats showed similar frequencies of these be- 
haviours. 

After withdrawal of the restriction schedule, the drinking 
of sham-lesioned rats was generally characterised by small 

. drinking bouts during the subjective day. This made identifi- 

cation of meal-associated drinking during the deprivation 
sessions difficult. Nevertheless, separate bursts of meal- 
associated drinking could be identified for at least three dep- 
rivation sessions in sham-lesioned rats (Fig. 5) and for at 
least five deprivation sessions in SCN-lesioned rats (Fig. 6). 
These bursts of drinking contrast against the drinking be- 
haviour of non-meal fed rats during deprivation sessions 
(Fig. 4). 


Typical plots of food intake after withdrawal of the re- 
striction schedule are presented in Fig. 7A,B. Feeding oc- 
curred predominantly during the subjective night in non- 
lesioned rats, and randomly throughout the day in the SCN- 
lesioned rats. While there was some persistence of feeding at 
the former feeding-time during the ad lib session before the 
first deprivation, this did not consistently occur during ad lib 
feeding after the first deprivation session. 


DISCUSSION 


The results of this experiment represent the first demon- 
stration of persistent, free-running circadian rhythms in rats 
with SCN lesions. These results, in conjunction with the 
recent demonstration of activity transients in SCN-lesioned 
rats following phase-shifts to a meal schedule [15], provide 
strong support for an endogenous circadian oscillatory sys- 
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FIG. 4. Double-plotted wheel-running activity (A) and drinking (B) for typical intact rats not subjected 
to food restriction and under DD. Narrow horizontal bands indicate periods of total food deprivation. 


tem which can operate independently of the central oscilla- 
tory system located in the SCN. 

The finding that drinking rhythms synchronised to the 
food restriction schedule and subsequently free ran in DD 
conditions suggests that drinking at the time of feeding dur- 
ing restricted feeding schedules is also under the control of 
meal-associated endogenous oscillators. The amplitude of 
the rhythm is not only influenced by the synchronisation of 
these oscillators; the direct effects of feeding behaviour on 
drinking also contributes to prandial and post-prandial drink- 
ing [8,11]. However, during the deprivation sessions, drink- 
ing at the former time of feeding is entirely due to oscillator 


control of drinking behaviour. In addition, the anticipatory 
drinking observed during the restriction schedule implicates 
oscillator control. 

It appears that there is some interaction between the os- 
cillators which control subjective day and night and 
mediated by the SCN and those which control meal- 
associated rhythms. While the meal-associated rhythms ap- 
peared to change relative phase with the subjective day-night 
rhythm in some of the sham-lesioned rats, wheel-running in 
the SCN-lesioned rats tended to maintain a closer phase re- 
lationship with the former time of feeding than in the sham- 
lesioned rats. Therefore there is some degree of coupling 
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FIG. 5. Double-plotted drinking for a typical sham-lesioned rat. Conventions are the same as in Fig. 2. 
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FIG. 6. Double-plotted drinking for a typical SCN-lesioned rat. Conventions are the same as in Fig. 2. 
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FIG. 7. Double-plotted feeding for a typical sham-lesioned (A) and SCN-lesioned (B) rat 
after the food restriction schedule was terminated. Conventions are the same as in Fig. 2. 
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between the meal-associated oscillators and the SCN. It has 
also been found that wheel-running activity [7] which occurs 
during the subjective night phase shifts towards the time of 
restricted feeding. Data from other studies also show phase- 
shifts associated with restricted feeding [3]. This suggests 
that the coupling between the two oscillatory systems is 
mutual rather than unidirectional. 

Whereas meal-associated drinking and activity rhythms 
were observable during deprivation sessions, meal- 
associated feeding, drinking and activity rhythms were not 
apparent during ad lib feeding which occurred between the 
deprivation sessions. The data from Gibbs [9] suggest that 
this is not always the case; some rats continue to run for 
several days at the former feeding time when permitted to 
feed ad lib. 

If the meal-associated activity during deprivation repre- 
sented a circadian rhythm in food directed behaviours, it 
would be expected that feeding would occur at this time 


when food was available. The finding to the contrary indi- 
cates that meal-associated activity during deprivation cannot 
be regarded as a “‘substitute’’ activity for feeding which 
would otherwise have taken place at this time. In other 
words, although food availability is the zeitgeber for the 
non-SCN-based oscillator, this oscillator is not associated 
with the initiation of feeding behaviour. 

It therefore remains to be seen what the function of the 
oscillatory system is. A first step might be to examine the 
corticosterone rhythm in SCN-lesioned rats during both 
deprivation and ad lib feeding conditions following entrain- 
ment to a meal schedule. Recent research [10] has shown a 
meal-associated corticosterone peak to persist in intact rats 
for a short while under ad lib feeding following a restricted 
feeding schedule. 

Once the overt rhythms which are coupled to the oscil- 
lator are identified, the task of identifying its physiological 
basis may become easier. 
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COWLEY, J. J. AND S. SMALE. Long term effects on activity in female mice following exposure to urine from lactating 
mothers. PHYSIOL BEHAV 36(1) 115-121, 1986.—Infant female mice exposed to the urine of lactating donors prior to 
weaning subsequently showed, when adult, activity levels in keeping with those of the donors that provided the urine. Mice 
with low levels of activity provided urine which acted on target mice to restrict their movements and standing behaviour 
when tested in an open arena. The urine of high active donors enhanced activity as compared with the urine from donors of 
mid range activity levels. Housing in large groups reduced the activity of the recipients exposed to urine from the low active 
donors. The males were more active than the females but the exposure of males to the urine of the donors had no effect on 


their activity levels. 
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THE urine of adult male and female mice is instrumental in 
modifying the pace of sexual development. Puberty is re- 
ported to be delayed when female infants are exposed to the 
urine of adult females and accelerated in conditions in which 
they have access to soiled bedding or urine from adult males 
[18, 35, 36]. The picture is, however, more complicated and 
exposure to the urine of females at different stages of repro- 
duction (early pregnancy, late pregnancy, pseudopregnancy) 
may have either accelerating or delaying effects. Urine from 
virgin females and those in late pregnancy is associated with 
a slow rate of growth while urine from pseudopregnant mice 
promoted the pace of development [10]. Enhanced sexual 
development also follows when urine from lactating mothers 
is applied to the nasal region of weaning mice [16]. 

Attention has been focused on the presence of adult male 
and female secretions on sexual development but there has 
been little investigation of behavioural changes, either short 
or long term, which accompany the exposure. The odour of 
mice that have been subiected to stressful situations has an 
interrupting effect on the activity of other mice [30]. Infant 
rats are less active when exposed to current of air that has 
been passed over an anaethetised mother [33]. Similarly the 
soiled nesting material from lactating rats may also reduce 
gross body movements during the first few days of life, 
though the picture is complicated by age and sex differences 
[9]. 

Odours have also been implicated in olfactory imprinting 
[28,29] though others have not been able to confirm these 
findings [31] and the picture remains obscure. Other long- 
term behavioural effects of exposing infant mice to adult 
conspecifics have been reported. Infant female mice exposed 
to the presence of adult male conspecifics during the first 21 
days of life were more active when tested as adults in an 


Open Field test. Infant female mice reared under similar 
conditions but exposed to the presence of adult females 
showed no difference in terms of their gross movements in 
the field when compared with a controlled sample of mice. 
However, they had a longer time latency in moving away 
from the position of the field at which they were introduced 
when compared with both the controlled and male exposed 
samples [18]. 

In mice living in natural or semi-natural conditions there 
will be members present of different ages and reproductive 
States and the secretions that act on the infant animals will be 
a product of the social structure at that time. The secretions 
of adult males may be ineffective in accelerating puberty if 
other adult females are present though the effects may be of 
a temporary nature [2]. The spectrum of secretions and their 
action on burrow members may be further complicated when 
animals are dominant, subordinate and/or subjected to 
stress. Age and associated generation effects may add to the 
complexity and it is this that necessitates that a laboratory 
Situation is used to try and unravel the interactions. 

In mice the sharing of communal nests and the joint suck- 
ling of litters has been observed in semi-natural and labora- 
tory conditions [7,11] while the secretions of the lactating 
mother, known to accelerate puberty [16] may be modified 
by the presence of other lactating females. In rats we do not 
know whether exposure to odours of lactating females mod- 
ifies sexual development but the length and variability of the 
cycle is enhanced [26] and in both species fertility may be 
affected through the action of the secretions. 

The experiment that we report here examines the effects 
of urine from lactating females on the activity of infant mice 
that are in turn being suckled by mothers other than those 
from which the urine is collected. The urine is applied during 
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FIG. 1. The composition of samples. 
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the first three weeks of life and subsequently the mice are 
monitored to ascertain the age of vaginal introitus and that of 
first oestrus. Further, the effects of the urine on the gross 
movement of the mice in an open arena are recorded when 
they are adult. The mice were exposed to the urine of 
mothers whose own activity characteristics were known (see 
the Method section). 


METHOD 


Urine collected from lactating albino mice of an outbred 
TO strain (Theiler Original) was applied to the dorsal region 
of the nose of infant mice of the same strain. The mice from 
which the urine was collected are referred to as donors, and 
those on which the urine was painted as recipients (target 
mice). The urine collected from the mice was diluted with 
distilled water in the ratio of 1:10. 


The Donors 


A sample of 64 female mice used in the departmental 
colony were tested for 3 minutes each day for five consecu- 
tive days in an activity box. The box (22.5x22.5x22.5 cm 
high) was constructed of plastic wall, floor and ceiling and 
was housed in a test area remote from the colony. 

After each activity trial stools and urine were removed 
from the floor using clean absorbent tissues. The floor of the 
box was inlaid with 16 light dependent resistors and so ar- 
ranged that they were sited approximately 5.5 cm from each 
other. A small (2.5 cm diameter) inverted cup was sited in 
the centre of the box and housed an additional photo-cell and 
also added an element of novelty to the floor surface. The 
movement of the mouse over the resistors was recorded on a 
280Z computer and the total score over the five days was 
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FIG. 2. Activity scores of female mice tested on 4 consecutive days in 
an open arena. Recipients exposed to urine from high @——®, medial 
X——xX and low O——O activity donors. 


used as an index of gross activity (movement). Following 
testing the mice were returned to the vivaria where they 
were kept five to a cage (30x 13 11.5 cm high) in an artifi- 
cially lit room with a 12 hour light/dark cycle. Lights on at 
6.00 a.m. Food and water were always available and sawdust 
provided a cover for the cage floor. All mice were marked, 
for identification, with dilute picric acid. 

Following the activity testing the mice were mated by 
introducing two sexually experienced males to each of the 
cages. The mice were examined daily for vaginal plugs 
and/or the presence of sperm. Pregnant mice were allocated, 
on the basis of the activity scores, to one of three groups. 
The ten with the highest activity scores, the high activity 
sample, were housed in cages separate from the ten lowest 
scoring mice, the low activity sample. A third group of mice, 
that occupied a position mid-way between the other two ex- 
tremes, were allocated on the basis of their scores, inter- 
mediate in rank to the control sample and will be referred to 
as the medial activity sample. 

Five days prior to giving birth the mice were caged indi- 
vidually. The litters born on the same day were mixed and 
foster babies (3 males and 3 females) allocated to each of the 
mothers. During lactation urine was collected from the 
mothers at 2, 12, 19 and 24 days after the birth of the young 
and each of these specimens was applied to the recipients for 
10, 7, 5 and 2 days respectively. Between the daily applica- 
tions the urine was scored in a deep freezer at — 17°C. The 
method used in collecting and applying the urine was the 
same as that described previously [10]. 


The Recipients 


The recipients were infant female mice born from mothers 
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FIG. 3. Mean number (and standard errors) of areas entered and the 
number of times the mice stood up in the arena—all trials combined. 
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that had themselves been reared in the laboratory. The 
mothers (and fathers) were of the same strain as the donors 
and they were mated for 7 days after the donors. Litters born 
on the same day were mixed together on day one of life, with 
4 male and 4 female babies allocated to each of the mothers. 
The mothers with their litters were housed in the same type 
of breeding cages as the donors and were provided with the 
same care. The mothers, with their foster litters, were ran- 
domly assigned to one of the three treatments, i.e., to re- 
ceive either the urine from the high, low or medial activity 
sample. From day 3 until 24 days of age the infants were 
removed individually from the cages and the dorsal region of 
the skin covering the nasal and frontal bones was painted 
with diluted urine from one of the donor samples. Four or 
five gentle strokes with a soft watercolour paintbrush were 
given and care taken to avoid the mouth region. Separate 
brushes were used for different treatments and brushes were 
kept moist, though not dripping. The infants were weaned at 
day 23 or 24 and at this time the males and females were 
housed in separate cages. The treatment groups continued to 
be kept separately and the males, which are not reported on 
here, were housed in separate units away from the female 
holding room. Further, the large number of animals involved 
necessitated the subdivision of the females into 2 sub- 
groups. About half the mice (N=75) in each treatment were 
housed in small laboratory cages (6 to 7 mice per cage) and 
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FIG. 4. Activity scores of female mice housed in small ®@— —® and 


large @—®@ groups. The mice were exposed to urine from animals of 
different levels of activity. 


the rest (N=77) in large groups (25.541 11.5 cm high) with 
groups of 12-14 mice per cage. 

The females living in the small groups were inspected 
daily and the age of vaginal introitus recorded; thereafter 
daily vaginal smears were taken for 10 days. The mice were 
tested to assess their activity at approximately 80 days (age 
range 78-85 days). Testing was conducted on four successive 
days with the movement for the mice being recorded in a 
plastic arena (29x 24 x 15.5 cm high) and not dissimilar to that 
used for the donors. The wire mesh floor of the enclosure 
was divided into 6 equal segments and the number of times 
the segments were entered by the mouse, over a three min- 
ute time period, was recorded together with the times they 
stood up and the number of stools passed. 

The measurement of gross activity in the horizontal plane 
was similar for the donor and recipient mice, and in order to 
have an index of standing behaviour (exploration of the ver- 
tical plane) we used a manual system of recording. The 
operator had a series of push buttons connected to inde- 
pendent counters and these provided data on the position of 
the mouse in the arena. The overall measure of movement 
was the sum of segments entered over the four trials. The 
mice were weighed at the commencement of treatment and 
thereafter at 24 and 52 days of age. At 92-104 days of age half 
of the females were killed and the ovaries and the uterus 
weighed. The others were mated with normal laboratory 
males and their reproductive performance monitored. 

The females housed in large groups and the male mice 
(N=70) were tested between 52-60 days of age on a single 
trial and in the same arena as that used for the mice in small 
cages. The figure (Fig. 1) shows the history and composition 
of the samples. 

Statistical analysis (One-way Analysis of Variance and 
Duncan’s New Multiple Range Test) was carried out with the 
use of SPSS (2nd edition) on a DEC 1091 computer and when 
non-parametric techniques had been used, with reference to 
Siegel [34]. 


RESULTS 


Body Weight and Sexual Development 


There was no evidence that the mice exposed to the urine 
from different donors grew at different rates. The weight of 
the mice at 2 days of age did not differ as between treatments 





SEX DIFFERENCES IN ACTIVITY 
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FIG. 5. Activity of male ®@—® and female ®@——® mice treated 
with urine from low, medial and high activity donors. 


and the same was true at 24 days of age, when treatment was 
discontinued. At 52 days of age the mean weight of the mice 
that were exposed to the urine from the low activity donors 
was somewhat greater than that of the other samples, but not 
significantly so, F=2.48, p=<0.09. 

The mean age of vaginal introitus (29 days of age 
s.d.=1.6) was the same for all samples, and nor did the 
groups differ in respect of mean age of the samples at first 
oestrus (31 days, s.d.=1.4). Although there was little varia- 
tion between groups, the mice exposed to the urine from the 
high activity sample had a shorter time interval between vag- 
inal opening and first oestrous than that of the other two 
samples. Further, in this sample, 3 mice showed vaginal in- 
troitus some days before the other treatments. Neither the 
mean weight of the ovaries nor that of the uterus differed 
significantly as between treatments and neither did the 
weights differ signficantly when expressed as a percentage of 
the bodyweight of the mice. 


Activity 


(i) Movement in the arena—Female mice housed in small 
groups. The overall activity between the treatments (scores 
summed over days) is highly significant , F=13.32, 
p=<0.001. Figure 2 shows the changes in activity during the 
four consecutive days on which the mice were tested in the 
arena. the differences between treatments are significant 
over each of the first three days of testing (p=<0.001) and 
the same pattern is retained on the fourth day, though the 
differences in the mean activity of the samples does not 
reach an acceptable‘ level of significance on this day 
(p =<0.08). The most marked differences are between high 
and low treatments on days 1, 2 and 3 (p=<0.01) though on 
the second day of testing the differences between high and 
medial samples are marked (p=<0.05). It is mice treated 
with the urine from the low active donors that are least active 
and those from the high donors that are most active. 

The uniformly low level of actvity in mice exposed to 
urine from inactive donors contrasts with the high activity, 
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and steady fall-off in activity shown by the mice exposed to 
the urine of high and medial activity donors. These latter two 
samples show activity changes with time that are charac- 
teristic of females of this strain when tested in an open arena. 
A high level of activity is followed by a fall-off to a base level 
within 2-3 days and thereafter there is little variation from 
day to day for at least seven or eight days. The reliability of 
the test, as with other tests of this kind, is shown to be high 
[1, 17] and for examples, reviews and references to other 
literature, see especially [1]. 

(ii) Standing and stools. The number of times the mice 
stood up in the arena was recorded and the scores, which 
were not considered to be adequate for a day-to-day analysis 
because of the low numbers involved, were combined for the 
four days of testing in the arena. There were marked differ- 
ences as between treatments, F=8.70, p=<0.001, with the 
mice that were exposed to the urine from lactating mice, and 
known to be of low activity, standing up less frequently than 
the other two samples. There were no significant statistical 
differences in standing scores between the low and medial 
samples but the mice exposed to the urine from the highly 
active donors were more active than those exposed to the 
medial and low active mice (p=<0.01 in both instances). The 
similarities in the mean standing and activity scores between 
treatments are illustrated in Fig. 3. There were no significant 
differences in the mean number of stools in the three treat- 
ment groups. 

(111) Movement in the arena—Female mice housed in 
large groups. The mice housed in groups of 12-13 in large 
cages were tested on a single trial in the open arena. The 
analysis of variance showed an overall treatment effect, 
F=4.63, p=<0.01, with the mice exposed to the urine from 
the low activity donors being the least active and their activ- 
ity levels on a par with the mice provided with the same 
treatment and caged in small groups (Fig. 4). Likewise, mice 
exposed to the urine from medially active donors showed a 
level of activity which was not dissimilar to that of the mice 
housed in small groups and exposed to the corresponding 
treatment. The mice housed in large groups and treated with 
the urine from the high active donors were more active than 
the mice exposed to the urine of low active donors 
(p =<0.05) and this is in keeping with the results obtained 
with the mice housed in small groups. Mice in large groups 
exposed to the urine from medial mice also showed activity 
scores well above those exposed to the low urine (p=<0.01) 
and not dissimilar to those treated with urine from medial 
mice in the small cages. 

The mice housed in large groups and treated with urine 
from high active donors did not show, however, the excep- 
tionally high levels of activity that were observed in the 
corresponding small cage samples though overall (Fig. 4) the 
pattern of activity is not dissimilar between the conditions. 

The results suggest that there may be an interaction be- 
tween the treatment conditions and the number of mice 
housed together—at least in the high-active condition. It has 
been reported [5] that sexual maturation in female mice is 
progressively delayed as the density of mice per cage is in- 
creased. We do not have information on the onset of puberty 
in the females in the large cages and it is only these mice that 
do not show the increase in activity observed in the mice 
housed in small groups and in the medial mice from the large 
group. There is clearly need for clarification, though the 
results do not detract from the overall low level of activ- 
ity that occurs with exposure to the urine from the low active 
lactating mothers and this is irrespective of group size. 
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(iv) Sex differences in activity. The urine from the lactat- 
ing mothers had, in contrast to the females, no effect on 
activity levels of the male mice. Figure 5 shows the mean 
differences in activity scores between the male and female 
mice (housed in large groups) that were exposed to the urine 
of low, medial and high donors. The scores are based on a 
single trial and the sexes had been housed separately, from 
the time of weaning, in large groups. There is a significant 
difference, F=3.10, p=0.01, between the mean activity 
scores of the male and female mice, with the males overall 
more active than the females. The treatment difference be- 
tween the activity scores of the female mice are described in 
(iii) above. Females exposed to the urine of the low lactating 
mothers were less active than any of the other male or female 
samples (Fig. 5). 

(v) Fl generation. The weight and number of babies born 
and the size of their litters did not differ significantly as 
between treatments. There were more babies born to the 
mothers that received urine from low activity donors and the 
litters in this sample were also, on average, larger. Further, 
these mice had a higher incidence of pregnancy (18/24; 75%), 
though not significantly so, than the mice exposed to the 
urine of the high activity donors (13/24; 54%). There was no 
difference in relation to the medial sample (17/24; 71%). 


DISCUSSION 


The study has shown that urine from lactating mice, 
known to differ in their activity levels, can modify the adult 
behaviour of female mice that are exposed to the urine in the 
first three weeks of life. The urine from high active, medial 
active and low active donors is associated, when the mice 
are housed in small groups, with a change of activity in reci- 


pients in keeping with the activity levels of the donors as 
measured by the number of segments entered in an open 
arena and in the frequency of standing up. The recipients 
from donors that were middling in their activity levels pro- 
vided a response curve, over days, that was not dissimilar to 
that of recipients from active donors but a lower frequency 
of areas were entered. In all treatments the activity differ- 
ences persisted over three days of testing but by the fourth 
day differences are less discernible. 

The results of the treatment show a characteristic dose 
response curve in relation to the female mice housed in small 
groups but the pattern is less clear, though the differences 
between treatments are significantly different, when the 
mice are housed in large groups (Fig. 4). In the latter condi- 
tion exposure to the urine from highly active donors was not 
associated with an increase in the activity of the recipients 
above that of mice treated with medial urine though the level 
of activity was very much higher than that of mice exposed 
to urine from low activity donors; it is the inactivity of these 
recipients, irrespective of the group size in which they were 
housed, that remains the most consistent and striking aspect 
of the study. The shape of the activity curves of the high and 
medial treated mice (Fig. 2) with the characteristic high level 
falling off as function of days has been observed elsewhere 
and would seem to be a characteristic of the strain when 
tested in an open arena [17]. This adaptation was not shown 
by the mice treated with urine of the low active donors and it 
is these mice which, irrespective of the group size in which 
they are housed from weaning, show the same characteristic 
low level of activity. In contrast the mice that received the 
urine from high active donors are less active when housed in 
large groups than those housed in small groups and the ques- 
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tion arises as to whether the differences in group size may 
have been instrumental in reducing the activity of the 
former. Communal living in all female groups can lead to a 
suppression of oestrus. In groups of 2-3 mice this can lead 
to a high proportion of pseudopregnancies [23,24] and to 
periods of anoestrus if the groups are large (in the order of 
30). The exposure of the female to a male or removal to a 
separate cage, leads to the initiation of a cycle and syn- 
chronization of oestrus on the third evening—Whitten ef- 
fect [37]. In the Bruce effect [4] the presence of an un- 
familiar male (or the urine of an unfamiliar male) may 
block the pregnancy of the stud male and the female will 
resume cyclicity within 3—4 days of the exposure. At no time 
were the females in the present study exposed to the pres- 
ence of males and the removing of the animals to test them in 
the arena was the same for all conditions. Further, if a 
change in the initiation of a cycle has been responsible for 
the activity changes we would have expected an increase in 
arena activity (or in wheel running if we were recording this) 
as the mice came into oestrus [17] rather than the decelera- 
tion pattern observed in the high and medial samples or the 
flat curve observed in mice that were exposed to the low 
active donors (Fig. 2). Further the female mice in both the 
small and large groups had been housed in their respective 
group sizes from weaning and so would not have been sub- 
ject to mutual suppression of the cycle which occurs when 
group identity is disrupted [4,22]. 

Infant rats and mice [9,33] respond to maternal odours 
with a low level of activity during the first twelve days of life. 
Severing the olfactory tracts of mice shortly after birth is 
associated with heightened activity though by 8 or 9 days of 
age the pattern of activity is reversed when compared with 
controls [7,25]. The heightened activity may stem from the 
removal of the block that normally limits activity through the 
action of the mother’s secretions (see above) and the short- 
term changes in activity may also, in turn, be associated with 
the low level of Open Field activity that is observed in adult 
rats and mice that were weaned at 35 or 42 days instead of 21 
days of age. The secretions of the mother, or those of a 
mother substitute [8,9] lead to the lowering of the activity. 
The cyclic activity of rats housed in activity wheels alters 
when they are exposed to the urine of a female donor. 
Further, a change in the reproductive stage of the donor 
leads to a change in the pattern of running activity. The 
modifications of behaviour and vaginal cyclicity consequent 
upon the change in reproductive state, are compelling though 
there are marked individual differences and the timing of the 
exposure may be crucial. Sensitivity to the secretions is 
greater at one stage than another so that the vaginal cyclicity 
and the activity response may require a meshing of particular 
stages—a match-mismatch situation. Pheromones from lac- 
tating rats lengthen the oestrous cycle [6] and increases its 
variability. The studies [6,26] demonstrate that the rats re- 
spond to the urine from a distance and so implicate the olfac- 
tory receptors as the primary targets rather than those of the 
vomeronasal system. 

The exposure of young rats to a range of volatile ketones 
[15,32] alters the structure of the mitral cells of the olfactory 
bulbs and similar changes occur in the mitral layers of the 
olfactory bulbs of the mouse when exposed during early in- 
fancy to the presence of the urine collected from adult males 
of the same strain. Further, there are significant differences 
in the number and distribution of the affected cells when 
comparisons are drawn between these mice and those reared 
in the presence of water and cyclooctanone [19,20]. The ef- 
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fects of exposure to female urine on the mitral cells is not 
known but there is evidence of localised concentrations of 
neuropeptides and neurotransmitters in the olfactory bulbs 
[12,13] and that the concentration of these neuroregulators 
changes following social encounter with male or female mice 
[14]. 

The inactivity of the mice exposed to the urine from low 
activity donors may have a bearing on studies of hyperten- 
sion in rodents. Mice isolated at 12 or 14 days until four 
months of age show heightened blood pressure and scarcely 
move in an Open Field test though on both measures there 
are marked strain differences. The effects, attributed to iso- 
lation and the consequent preclusion of the development of a 
stable social order [21] may, however, be due to the 
shortened time of exposure to the mother’s secretions. The 
low activity level contrasts with the high activity of rodents 
left with their mothers beyond the conventional 21 days [8]. 
Further, spontaneous hypertensive rats suckled by normal, 
as well as hypertensive rats, develop abnormally high blood 
pressure. On the other hand, female hypertensive infants 
suckled by normal control foster mothers develop higher 
blood pressure than the same infants suckled by their natural 
mothers, though the same was not true of the males. The low 
levels of day-to-day activity observed in the females exposed 
to the urine of inactive donors is in keeping with the sex 
difference and low activity levels [27] observed in hyperten- 
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sive rodents and the question arises as to whether the hyper- 
tension is associated with the quality and duration of expo- 
sure to the urine rather than substances transmitted through 
the milk or activated by the mother’s behaviour as suggested 
by the authors [21,27]. In relation to the latter we have found 
little evidence that the application of urine from females at 
different stages or reproduction, or indeed from males, has 
any effect on the mother’s behaviour [6] towards the infants, 
though a wider range of behavioural categories may need to 
be examined before precluding the possibility entirely. 
Further, there is littke change in the rate of growth in the 
mice in the different treatments and this would suggest that 
the urine did not affect the let down of the mother’s milk. 
The infants may ingest the urine or it may be absorbed 
through the skin. Whatever the pathways, the urine from 
donors of different activity levels affects the behaviour of the 
recipients differently and, taken in conjunction with the 
studies in the modification of wheel running activity and the 
reported absence in the pace of sexual development, the 
results would seem to support the view that the olfactory 
centres are implicated. In the natural state, the early social 
interactions provide the necessary olfactory input that leads 
to the cellular and neurosecretory changes and it is these 
which continue to exert an effect on behaviour well into 
adult life. 
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VAN HAAREN, F. ANDN. E. VAN DE POLL. Effects of light intensity on passive avoidance behavior of male and female 
Wistar rats. PHYSIOL BEHAV 36(1) 123-125, 1986.—Groups of intact male and female Wistar rats were exposed to a 
standard passive avoidance procedure. The intensity of the light bulb illuminating the platform during adaptation, pre- and 
post-shock trials was manipulated (5, 25 or 75 W). Entrance latencies during pre-shock trials were longer for males than for 
females. They decreased for both males and females as light intensity was increased. Entrance latencies increased over 
trials for males but not for females. On the post-shock trial, more females than males reentered the compartment in which 
they previously had been shocked, with shorter entrance latencies. Thus, although light intensity functionally affected the 
behavior of males and females on pre-shock trials, it did not influence the behavioral differences usually observed on the 
post-shock trial. These data are interpreted as further evidence for the notion that the behavior of male Wistar rats in 
standard passive avoidance procedures is a function of non-specific effects of shock presentation per se. It is suggested that 
research aimed at understanding basic (neuronal) differences between males and females is necessary to be able to specify 
the nature of the variables responsible for the observation of behavioral differences between males and females in this and 


other experimental paradigms. 


Passive avoidance Light intensity 
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FEMALE Wistar rats have been observed to be more likely 
than male Wistar rats to reenter the compartment in which 
they previously have been shocked in a standard [1, 8, 10, 
11] passive avoidance (PA) experiment. Behavioral differ- 
ences between the sexes are not due to inferior memory 
retention in females. However, subject variables such as the 
presence or absence of gonadal hormones [2, 10, 11] and age 
[9,10], as well as experimental variables such as the number 
of pre-shock trials [8], the intensity of the electric shock [10] 
and the duration of the interval between shock and post- 
shock trial [11], have been shown to affect the behavior of 
males and females observed in these procedures. It has been 
argued [8] that the degree of response suppression through 
punishment of a previously reinforced response, is related to 
the amount of reinforcement previously associated with re- 
sponse execution. The standard PA procedure offers the sub- 
ject a choice on the post-shock trial; it can either stay on the 
platform and not escape the stimuli it escaped from on the 
pre-shock trials, or it escapes these stimuli and reenters an 
environment previously associated with the presentation of 
an aversive event (shock). In general, on the post-shock trial 
female Wistar rats prefer to escape the stimuli associated 
with the platform, while males do not. It has been shown [8] 
that the number of pre-shock trials plays an important role in 
determining the relative reinforcing value of escaping the 
stimuli associated with the platform on the post-shock trial. 
Behavioral differences between males and females have 
been observed after 1 or 3 pre-shock trials, but not when 
subjects were exposed to 9 pre-shock trials. 


The intensity of the light stimulus presented on the adap- 
tation and pre- and post-shock trials is another variable 
which could determine the amount of reinforcement associ- 
ated with entering the dark compartment and escaping the 
stimuli associated with the platform. As such, the intensity 
of the light illuminating the platform might play an important 
role in determining the subject’s behavior on the post-shock 
trial. The present experiment was designed to test this hy- 
pothesis. Different groups of male and female Wistar rats 
were exposed to experimental conditions in which the stand- 
ard (25 W) and two other light intensities (5 W, 75 W) were 
presented on adaptation and pre- and post-shock trials. 


METHOD 
Subjects 


Thirty-six male and 36 female Wistar rats (9 weeks old 
upon arrival) were obtained from Animal House TNO (Zeist, 
The Netherlands). They were housed in groups of 5 or 6 
animals of the same sex and adapted to a reversed light-dark 
cycle (lights on 1:30 p.m. to 1:30 a.m.) for two weeks. At the 
start of the experiment males and females weighed an aver- 
age of 372 and 205 g respectively. 


Apparatus 


Two, identical, passive avoidance compartments, built 
according to descriptions in the literature [1] were used. Half 
of the male and half of the female subjects were run in one 
compartment, while the remaining subjects were run in the 





TABLE 1 


MEAN AND STANDARD DEVIATION OF ENTRANCE LATENCIES 
(IN SEC) ON PRE-SHOCK AND POST-SHOCK TRIALS 
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TABLE 2 


SUMMARY STATISTICS ON ENTRANCE LATENCIES (LOG 
TRANSFORMED) DURING PRE-SHOCK AND POST-SHOCK TRIALS 





Pre-Shock Post-Shock 


E/NE 





8.8 14.9 17.2 253.0 
9.1 10.5 13.1 109.0 


4.7 3.6 4.7 74.5 
1.7 id 4.1 102.3 





The number of subjects entering (E) and not-entering (NE) on the 
post-shock trial. 

*Mean. 

+Standard deviation. 


other compartment. An elevated platform protruded 25 cm 
from an 8X8 cm opening through which the dark compart- 
ment could be entered. The end of the platform could be 
illuminated by a light bulb of different intensities (5, 25 or 
75 W). The 5 W and 25 W Ormalight frosted light bulbs were 
obtained from Osram (Munich, FRG), the 75 W frosted light 
bulb from Philips (Eindhoven, The Netherlands). The light 
intensity measured 30 cm from the light bulb at the level of 
the subject’s head was 18, 520 and 2830 lux for the 5, 25 and 
75 W light bulb, respectively. Scrambled footshock (1 mA, 2 
sec duration) could be delivered through the grids in the dark 
compartment by means of a Grason-Stadler (model 700) 
shock generator. 


Procedure 


Different groups of male (n=12, 12, 12) and female (n= 12, 
11, 13) Wistar rats were randomly assigned to the experi- 
mental conditions. On day 1 of the experiment, which took 
place during the last quarter of the dark period, each subject 
was first adapted to the dark compartment for 2 minutes. 
Two minutes later, it was placed on the platform with its 
back to the entrance of the dark compartment. The latency 
to enter the dark compartment was then recorded. On day 2 
of the experiment each subject was exposed to three pre- 
shock trials, separated by an intertrial interval (ITI) of two 
min. Subjects were placed in individual holding cages during 
the ITI. One hour after the shock trial subjects were again 
placed on the platform. This shock/post-shock trial interval 
has previously been shown to be sufficient to observe sex 


df F P 





Pre-Shock 


Males and females combined 
Sex 1,198 
Light intensity 2,198 
Trials 2,198 
Sex x light intensity 2,198 
Sex X trials 2,198 
Light intensity x trials 4,198 
eb Oe ee 4,198 


Males only 
Light intensity 2,99 
Trials 2,99 
Light intensity x trials 4,99 


Females only 
Light intensity 2,99 
Trials 2,99 
Light intensity x trials 4,99 


Post-Shock 


Sex 1,66 
Light intensity 2,66 
Sex x light intensity 2,66 





differences in behavior in the PA procedure with standard 
(25 W) platform illumination [8,11]. If a subject did not enter 
the dark compartment on the post-shock trial, the trial was 
terminated by the experimenter after 300 sec. The intensity 
of the light bulb illuminating the platform on adaptation and 
pre- and post-shock trials was manipulated for different 
groups of subjects. 


RESULTS 


Table 1 presents an overview of the mean and standard 
deviation of the entrance latencies (in sec) on pre- and post- 
shock trials for the subjects in the different experimental 
conditions. The number of subjects entering (E) and not- 
entering (NE) the dark compartment on the post-shock trial 
is also shown. More females than males reentered the dark 
compartment on the post-shock trial during all experimental 
conditions. 

A three-way ANOVA on individual pre-shock entrance 
latencies (log-transformed), involving the factors sex, light 
intensity and repeated trials, revealed a significant main ef- 
fect of all three factors: sex, F(1,198)=20.99, p<0.01; light 
intensity, F(2,198)=10.34, p<0.01; trials, F(2,198)=9.06, 
p<0.01. Response latencies of males were longer than those 
observed in females. Of the two-way and three-way interac- 
tions only the sex by trials interaction was significant, 
F(2,198)=5.97, p<0.01. Separate two-way ANOVAs of male 
and female entrance latencies revealed significant main ef- 
fects attributable to the factors light intensity and trials for 
males: light intensity, F(2,99)=3.41, p<0.05; trials, 





LIGHT INTENSITY AND PASSIVE AVOIDANCE 


F(2,99)= 11.37, p<0.01. Response latencies for males in- 
creased over trials and decreased as light intensity increased. 
For females the factor light intensity was significant, 
F(2,99)=8.92, p<0.01, i.e., response latencies on the pre- 
shock trials decreased with increasing light intensity. On the 
post-shock trial, response latencies for males were longer 
than those of females, F(1,66)=8.24, p<0.01, but significant 
differences were not observed between subjects exposed to 
the different light intensities. Table 2 presents an overview of 
the relevant statistics. 


DISCUSSION 


The present experiment extends previous findings by in- 
dicating that during pre-shock trials entrance latencies of 
both males and females decrease as a function of the inten- 
sity of the stimulus illuminating the platform. However, even 
though light intensity on the pre-shock trials influenced the 
pre-shock latencies of males and females, their behavior on 
the post-shock trial did not differ from that observed in other 
experiments [3, 7, 8, 10, 11]. 

Evidence is now available to show that the hormonal 
Status of the subject at the time of the experiment is the only 
factor to directly influence the observation of sex differences 
in standard PA experiments. When males are castrated, 
either neonatally [6] or in adulthood [11], sex differences in 
behavior are not observed. Although manipulation of other 
variables may modulate some aspects of the difference in 
behavior between male and female Wistar rats, they do not 
influence it to the extent seen when hormonal variables are 
manipulated. It has been suggested, on the basis of behavior 
observed in the multiple PA procedure [7] that sex differ- 
ences can better be understood as a result of non-specific 


effects of shock presentation per se, resulting in freezing 
behavior in the male subject. It has also been suggested [8] 
that these non-specific effects might very well be mediated 
by the presence of testosterone in the intact male. The 
variables mediating these effects of shock presentation in 
males have not been explored in detail. One experiment 


125 


was conducted to investigate the possible contribution of 
sex differences in the activity of the pituitary- 
adrenocortical system as being responsible for the ob- 
served behavioral differences in the standard PA task. 
Suppression of this system by acute administration of a large 
dose of dexamethasone did, however, not influence the be- 
havioral difference usually observed [5]. 

Behavioral suppression as a function of uncontrollable 
and unpredictable shock has been observed by others in ex- 
periments carried out to investigate the effects of shock pre- 
sentation on different neurotransmitter systems in the brain. 
These investigators [12] showed that behavioral suppression 
in male albino Holzman rats correlated very well with the 
depletion of norepinephrine (NE), especially in the brain 
stem area. Interestingly, sex differences in noradrenergic 
systems have been reported by some investigators [4] and 
correlated with motor activity levels. In these experiments, 
spontaneous locomotor activity was higher for females than 
for males and positively correlated with NE levels in cere- 
bral cortex and the medulla-pons regions of the brain. These 
observations could be very helpful in directing future re- 
search strategies aimed at understanding basic (neuronal) 
differences between males and females responsible for be- 
havioral differences not only in passive avoidance proce- 
dures, but also in other experimental paradigms. Research 
aimed at understanding anatomical, morphological and 
biochemical differences in the brains of male and female rats 
and the way in which these differences are influenced by the 
presence or absence of gonadal hormones during develop- 
ment and in adulthood should provide a better insight in the 
variables responsible for the observed behavioral differences 
between the sexes in passive avoidance as well as other ex- 
perimental procedures. 
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TULP, O. L., C. T. HANSEN AND O. E. MICHAELIS, IV. Nonshivering thermogenesis in the diabetic SHR/N-cp 
(corpulent) rat. PHYSIOL BEHAV 36(1) 127-131, 1986.—The effects of isoenergetic sucrose and starch-based diets on 
thermogenesis were investigated in young adult, male, lean and corpulent SHR/N-cp rats. Corpulent rats gained weight 1.5 
times more rapidly than lean, and sucrose diets resulted in more rapid weight gains in both phenotypes. Rates of resting and 
of norepinephrine-stimulated oxygen consumption were similar in both groups of lean rats and in sucrose-fed corpulent 
rats, but were decreased in starch-fed corpulent rats. The thermic response to injected norepinephrine occurred normally in 
all groups. Colonic and rectal temperatures were greater in lean than in corpulent rats. Acute cold exposure (5°C) resulted 
in decreases in rectal but not colonic temperature in lean rats fed both diets, but resulted in lower temperatures at both sites 
in corpulent rats, with the greatest decreases being observed in the starch fed corpulent rats. Fifty percent of the corpulent 
but none of the lean rats succumbed within 2448 hours following cold exposure. Urinary vanilmandelic acid (VMA) 
excretion was greater in lean than in corpulent rats, and the sucrose diet induced a greater increment in urinary VMA 
excretion in lean rats than in corpulent rats. These results are consistent with an impaired activation of sympathetically- 
mediated thermogenesis via nutritional or environmental stimuli in the corpulent genotype of the SHR/N-cp rat in concert 


with an economy in energy expenditure which may be contributing factors in the causation of their obese state. 
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PROCESSES of adaptive thermogenesis represent an impor- 
tant mechanism of heat production and of modulation of en- 
ergy expenditure during periods of adjustment to nutritional 
or environmental stress [1]. Himms-Hagen [4] has recently 
proposed that biochemical defects in non-shivering ther- 
mogenesis may represent a possible causation of obesity in 
several genetically obese rodent strains and may also repre- 
sent a causative factor of obesity in man, and Schutz and 
coworkers have recently demonstrated diminished dietary- 
induced thermogenesis in obese women [17]. The principle 
mechanism of adaptive thermogenesis in the rat would ap- 
pear to be via brown adipose tissue, which is under the reg- 
ulatory control of the sympathetic nervous system [15, 16, 
18, 26]. Recent work by Himms-Hagen et al. [4,6] indicate that 
in some genetically obese rodent strains such as the fa/fa rat, 
the biochemical mechanism of non-shivering thermogenesis 
may be impaired centrally (i.e., at the level of neuroactiva- 
tion), while in others such as the obese ob/ob mouse 
biochemical impairments in thermogenesis may exist in the 
effector tissue (i.e., brown adipose tissue). 

The SHR/N-cp rat represents a newly developed, cogenic 
strain, where the obesity develops as the consequence of an 
autosomal recessive trait, and appears in one-fourth of the 
offspring of breeding pairs that are heterozygous for the trait 
[3,11]. The obesity is characterized by increased adipose 
mass, adipocyte size, and adipocyte number in re- 
troperitoneal, subcutaneous and other fat depots, and it be- 





comes visably apparent by the animal's greater weight and 
exterior dimensions by about 5 weeks of age [22]. Addi- 
tionally, the obese members of this strain exhibit hyper- 
triglyceridemia, hyperinsulinemia, hyperglycemia, and 
glycosuria by 9 weeks of age [11,12]. The diabetic charac- 
teristics persist well into adulthood [11,28]. In contrast, 
lean animals of this strain demonstrate moderate hyperten- 
sion presumably due to the influence of the trait for hyper- 
tension derived from the SHR (okamoto derived) component 
of the background stock [12]. Although the basic charac- 
teristics of obesity in this new strain are similar to those of 
other obese rodent strains including the closely related 
LA/N-cp (LA-corpulent) rat [8,9], the cause of obesity has not 
been fully established. The closely related LA/N-cp (LA- 
corpulent) rat has been shown to have an impairment in the 
activation of non-shivering thermogenesis following both 
environmental and nutritional stimuli [20,25]. Rothwell ez al. 
[16] have determined in chemically-diabetic rats that insulin 
action is an essential prerequisite for the development and 
expression of thermogenesis, presumably via enhancing cel- 
lular glucose uptake and metabolism, or by modulating the 
activity of critical enzymes. The purpose of the present 
study was to determine if the obesity in the corpulent 
phenotype of the SHR/N-cp strain was associated with an 
impairment in the activation of expression of the sympa- 
thetic component of non-shivering thermogenesis. The ca- 
pacity for expression of thermogenesis is of particular inter- 
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WEEKS OF DIET TREATMENT 


FIG. 1. Body weights of SHR-corpulent rats. Rats were fed the 
starch (ST) or sucrose (SU) based diets from weaning for 10 weeks, 
and body weights recorded at weekly intervals. O=lean, ST; 
@=lean, SU; O=corp ST; M@=corp SU. n=6 rats/treatment group. 
BW corpulent > lean after 2 weeks (p=<0.05); SU>ST for both 
phenotypes from 6 weeks (p=<0.05). 


est due to the prominent insulin resistance and diabetic state 
that is apparent in the corpulent phenotype of this strain of 
rat [11, 12, 28], and the reported requirement for insulin for 
several components of NST [2,16]. 


METHOD 


Twelve lean (genotype approximately 2/3+/— and 1/3—/— 
for corpulent trait) and twelve corpulent (genotype +/+ for 
cp/cp) male rats were obtained from the laboratory of one of 
us (C.T.H.), and maintained individually in hanging steel 
wirebottomed cages at 22+1°C in a laminar flow hood and 
with a reverse light cycle (12 hr light:12 hr dark, light period 
commencing at 1800 hr daily) in the USDA laboratories from 
4 until 12 weeks of age. Rats were fed isoenergetic diets 
containing 54% carbohydrate as cooked cornstarch or su- 
crose, 20% protein, 16% fat, plus 6.5% vitamins, minerals, 
and non-nutritive fiber [10] continuously from 4 weeks of age. 
Measurements of body weight were obtained weekly with an 
Ohaus animal balance (Fisher Scientific, Boston, MA). Dur- 
ing the tenth week of the study, animals were placed in 
metabolic cages, and 24 hour urine samples collected in 1.0 
ml 6 M HCI for determination of vanilmandelic acid excre- 
tion using the UV spectrophotometric procedure outlined by 
Pisano et al. [14]. Urine samples were stored at —20°C until 
assayed. The presence of glycosuria was determined qual- 
itatively with the Clinistix method (Ames Division of Miles 
Laboratories, Elkhart, IN). 

Measurements of resting and of norepinephrine- 
stimulated (100 g/kg body weight, SC) oxygen consumption 
were measured by indirect calorimetry during the dark phase 
of the light cycle at 29.5°C (thermal neutrality) in a small 
animal respirometer apparatus essentially as outlined by 
Stock [19]. This level of norepinephrine administration rep- 
resents an approximate 1/2 maximal dose in normally-fed 
lean rodents and in preliminary trials was found to be safe in 
the lean hypertensive animals of this study. These data are 
expressed relative to body weight (0.75) as outlined previ- 
ously [21,23]. The animals’ capacity to maintain body tem- 
perature in a cold 5°C environment was taken as an indicator 
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FIG. 2. Thermogenesis in diabetic SHR-corpulent rats. Measure- 
ments of thermogenesis obtained midway in dark phase of light cycle 
after a normal overweight feed. Copr SU RMA< all other groups 
(p =<0.05). Thermogenic response to norepinephrine is similar in all 
groups. n=6 rat/treatment group. 


of the capacity to activate thermogenesis via endogenous 
mechanisms, and was determined by placing animals acutely 
into pre-chilled hanging steel cages identical to those to 
which the animals were accustomed to. Rectal and colonic 
temperatures were measured immediately before and at 
hourly intervals after being placed in the cold environment 
by inserting flexible fast response rectal thermisters to dis- 
tances of 3 and 12 cm (measured from center of thermister 
sensor tip) respectively into the anal canal (Yellow Springs 
Instruments, Yellow Springs, OH) as outlined elsewhere 
[25]. Distances of less than 3 cm resulted in highly variable 
and inconsitant readings in this and other studies [20,25]. 
Animals were removed from the cold environment and 
placed under a warming lamp to recover if colonic tempera- 
ture dropped to 26°C or below. Body temperatures of all 
animals were allowed to return to their pretreatment tem- 
peratures in the laboratory before returning them to their 
usual environment in the animal quarters. No animals suc- 
cumbed during the immediate recovery period. Survival data 
was computed on the number of animals that survived cold 
exposure 2448 hours post-treatment. All animals that suc- 
cumbed during this post-treatment period were subjected to 
a post-mortem examination in the animal pathology labora- 
tories of the National Institutes of Health, Bethesda, MD 
20205. 

Data were analyzed by analysis of variance with applica- 
tion of the Student-Newman-Keuls procedure for identifica- 
tion of mutually exclusive subgroups [13]. 


RESULTS 


Weight gain of rats is shown in Fig. 1, and shows that 
body weights of corpulent rats increased 1.5 to 1.8 times 
more rapidly in corpulent than in lean animals, and that the 
rate of weight gain was consistently more rapid in sucrose- 
fed than in starch-fed rats of either phenotype. Additionally, 
the sucrose diet resulted in a greater absolute increment in 
body weight in the corpulent than in the lean animals. 

Measures of thermogenesis (Fig. 2) show that rates of 
resting and of norepinephrine-stimulated oxygen consump- 
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TABLE | 


URINE VOLUME, GLUCOSE, AND VANILMANDELIC ACID 
CONTENT OF SHR/N-cp RATS 





VMA, 


Group Volume, ml Glycosuria 





lean ST* 

lean SU 

corpulent ST 

corpulent SU 

ANOVA (2x2) 
Phenotype NS 
diet <0.05 


15.0+ 1.0 No 
as a7 No 
M2. 2:5 Yes 
50.0 + 15.1 Yes 





*ST=starch diet; SU=sucrose diet. 


tion were similar in both groups of lean rats and in the 
sucrose-fed corpulent rats. Resting oxygen consumption was 
decreased by 17% in the starch-fed corpulent animals, but 
the increase following norepinephrine stimulation averaged 
40%, similar to that observed in the other three groups. 

Measures of urinary volume, qualitative glucose content, 
and of 24 hour vanilmandelic acid excretion are shown in 
Table 1. VMA excretion was greater in starch-fed lean than 
in starch-fed corpulent rats. Although 24 hour VMA excre- 
tion was greater in both lean and corpulent rats consuming 
the sucrose than the starch diets, the absolute increment due 
to diet in the lean rats was nearly twice that observed in the 
sucrose-fed corpulent rats (mean increase=0.63 vs. 0.34 wg 
VMA/24 hours, respectively). All corpulent animals had a 
positive urinary glucose determination, while none of the 
lean animals exhibited glycosuria. Urine volumes were 
greatest in the sucrose-fed corpulent, intermediate in the 
sucrose-fed lean animals, and lowest in the starch-fed 
animals of either phenotype. 

All animals of both phenotypes were observed to shiver 
soon after placement in the cold environment, and at 
periodic intervals during the cold exposure. Colonic tem- 
peratures were greater than rectal temperatures in both 
phenotypes, irrespective of antecedent diet (Fig. 3A and 
3B), and continued to remain so through the period of cold 
treatment. After one hour of cold exposure, rectal tempera- 
tures of both lean and corpulent rats were significantly de- 
creased below their initial temperatures. Colonic tempera- 
tures were unchanged in lean animals fed either diet at this 
time, but were decreased in both groups of corpulent animals 
as the period of cold exposure progressed, with the greatest 
decrements observed in the starch-fed corpulent animals 
(Fig. 3B). These differences in colonic and rectal tempera- 
tures persisted throughout the 4 hours of cold exposure. The 
period of cold exposure was terminated after 4 hours be- 
cause of the apparent difficulty of the corpulent animals to 
maintain adequate body temperatures, despite visable evi- 
dence of continued shivering. Recovery from cold exposure 
was uneventful among lean animals fed either diet, but 50% 
of the corpulent animals of both dietary groups succumbed 
during the 24-48 hours post-treatment, despite the im- 
mediate post-treatment reacclimitization period, and re- 
establishment of normal rectal and colonic temperatures be- 
fore returning the animals to the animal quarters. Post- 
mortem examinations of these animals were inconclusive for 
a cause of death, and were negative for significant coronary 
artery disease involvement. 
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FIG. 3. Colonic and rectal temperatures of cold-exposed rats. 
Measurements were recorded with a fast response flexible thermis- 
ter insected to constant depths of 3 cm for rectal and 12 cm for 
colonic temperatures after stable readings obtained (about 10 sec). 
n=6 rats/treatment group. A=lean rats; B=corpulent rats. Symbols 
as for Fig. 1. 


DISCUSSION 


The results of this study indicate that the corpulent mem- 
bers of the SHR/N-cp rat strain exhibit an impairment in 
environmentally-induced alterations in non-shivering ther- 
mogenesis, in addition to a less pronounced decrease in their 
capacity to respond to nutritionally-induced alterations in 
thermogenesis. In contrast, the expression of NST via en- 
vironmental and nutritional factors occurred normally in the 
lean animals of this strain. In starch fed corpulent animals, 
resting metabolic rate, daily vanilmandelic acid excretion, 
and the capacity to maintain normal body temperatures in a 
cold environment were decreased compared to similarly-fed 
lean animals. Although the more rapid decrease in rectal 
temperature observed in corpulent than in lean rats might be 
consistent with an impairment in shivering-induced heat 
production or in an impairment in the control of heat loss, 
this is not likely to represent the predominate causative fac- 
tor. Corpulent animals were observed to continue to shiver 
after 4 hr of cold exposure, and their greater adiposity would 
offer a greater insulative effect than was present in lean 
animals. Although the absolute difference between the co- 
lonic and rectal temperatures in the two dietary groups were 
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of similar magnitude, the temperatures in the starch fed cor- 
pulent rats at both sites were significantly lower than those in 
all other groups throughout the trial. Feeding of sucrose-rich 
diets, which normally result in greater sympathetic nervous 
activity and increased NST and sometimes in greater energy 
intake in other strains of rats [27], resulted in increases in 
VMA excretion that were quantitatively nearly only half as 
great in the corpulent as occurred in similarly-fed lean litter- 
mates. Significant diet-induced differences in food intake 
were not observed in either phenotype. These increases in 
VMA excretion are reflective of greater net catecholamine 
metabolism, and were associated with moderate increases in 
resting thermogenesis and in an improved capacity to main- 
tain body temperatures in a cold environment in the lean 
animals, while the same parameters did not increase further 
in the corpulent rats. It is recognized that the greater carcass 
fat content presumed to be present in the sucrose-fed lean 
rats and in the corpulent rats fed either diet may result in an 
inaccurate estimate of resting metabolic rate because of an 
inability to accurately access the fat-free or true respiring 
mass of the animals. When this limitation was addressed by 
relating thermogenesis to lean body mass, thermogenic re- 
sponses to diet become more clear-cut [21]. Despite this limi- 
tation, resting thermogenesis was significantly decreased in 
the starch-fed corpulent rat. The studies were conducted 
during the dark phase of the light cycle, at a time when the 
animals would be in a normally active post prandial state, 
and when normal thermogenic responses would be most 
likely to be optimal. Measurements of thermogenesis were 
obtained under conditions of thermal neutrality, in order to 
minimize artefacts attributable to environmentally-induced 
heat loss secondary to low ambient temperatures. 

Because of the reported predisposition and later devel- 
opment of coronary artery disease in the Koletsky rat from 
which the corpulent trait was derived [7], animals of this 
study were limited to an approximate 1/2 maximal dose of 
norepinephrine in an effort to avert or minimize the risk of a 
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potential sympathomimetic mishap or cardiovascular failure 
from occurring. Nonetheless, the thermogenic responses to a 
submaximal dose of norepinephrine occurred normally in 
both lean and corpulent animals regardless of antecedent 
diet, and averaged a 40% increase in all groups. There were 
no differences in the chronology or magnitude of response to 
norepinephrine in any group. These observations are consis- 
tent with a normal thermogenic response to noradrenergic 
stimuli in peripheral tissues, but an impairment in the normal 
activation process for NST in the corpulent phenotype of 
this strain. Centrally-mediated sympathomimetic processes, 
in concert with thyroidal, adrenocortical, and insulin- 
dependent functions, are presumed to be principal compo- 
nents of this response [2, 4, 5, 15, 21, 23-26]. In normally-fed 
and in cafeteria-fed rats sympathetically-mediated brown 
adipose tissue is thought to be the major effector of NST 
[15,21], and its capacity to respond may be impaired in sev- 
eral obese rodent models [4]. The extent to which insulin 
resistance might contribute to impairments in NST in obese 
animals could not be determined, but is likely to be a con- 
tributing factor because of the requirement for insulin action 
in expression of NST [2]. Regardless of the nature of the 
impairment in the animals of the present study, the corpulent 
animals exhibited demonstrable impairments in nutri- 
tionally and environmently-stimulated parameters of ther- 
mogenesis which are consistent with an economy of energy 
expenditure, and in all likelihood, are a significant con- 
tributor to the development of their obese state. 
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SPIGA, R., A. ZEICHNER AND J. D. ALLEN. Human schedule-induced cardiovascular response. PHYSIOL BEHAV 
36(1) 133-140, 1986.—Sixty-six students were randomly assigned to a vigilance task during which observing responses 
produced targets according to either a fixed-interval or random-interval 90-sec schedule. During the task, interbeat interval, 
masseter (EMG) activity, blood pressure and digital blood volume pulse were monitored. Vasoconstriction was initiated 
within a 4 to 6-sec period following target detection for the majority of subjects assigned to each schedule. Vasomotor tone 
returned to prechange levels approximately 16 sec after target detection. Transient heart rate increases also occurred 
during the post-event period, but were more prevalent with subjects in the fixed than in the random-interval group. 
Post-event masseter activity was exhibited infrequently and only by subjects assigned to the fixed-interval group. The 
involvement of cardiovascular responsiveness with human schedule-induced behavior and the implications of this involve- 
ment for arousal theories of schedule-induced behavior are discussed. 


Human adjunctive behavior Heart rate 


Blood volume pulse 





SINCE 1961, research has demonstrated that intermittent 
reinforcement increases non-instrumental as well as instru- 
mental behavior over baseline levels [6]. Polydipsia, aggres- 
sion, defecation, ambulation, and elevated blood pressure 
are among the noninstrumental behaviors increased by in- 
termittent schedules of food reinforcement [6, 8, 11, 19, 21]. 
These noninstrumental activities, often termed ‘‘adjunc- 
tive,’ “‘schedule-induced,”’ or ‘‘interim’’ [23], are charac- 
terized by their greater frequency during intermittent rein- 
forcement than during either massed reinforcement or ex- 
tinction, by their tendency to occur immediately after deliv- 
ery of reinforcement [6], and by their relation to the inter- 
reinforcer interval [1]. For example, Falk [6] found that 
when bar pressing was intermittently reinforced, food- 
deprived rats ingested more water than when the same 
amount of food was freely available, they drank immediately 
after food delivery, and their water intake increased and then 
fell as the interreinforcer interval was lengthened from 2 sec 
to 180 sec to 300 sec [7]. 

With humans, the periodic and limited opportunity to play 
backgammon [2,9], to solve mazes [24], or to work on a 
pursuit rotor [4] has induced heightened aggression [11], in- 
creased activity [9,18], increased drinking [4], and increased 
smoking [5]. Recent research using fixed-interval or fixed- 
time reinforcement schedules has demonstrated schedule- 





induced increases in activity, grooming, drinking, and eat- 
ing. For example, Kachanoff et al. [12] reinforced cord pul- 
ling with pennies in seven hospitalized schizophrenic pa- 
tients under fixed-interval schedules ranging in duration 
from 15 to 150 seconds. Adjunctive drinking was observed 
immediately after delivery of the pennies in 5 of 7 subjects. 
Furthermore, subjects drank more during intervals between 
80 and 105 seconds of duration than during all other inter- 
vals. Lasiter [15] observed increases in gross motor activity 
during a vigilance task in which observing responses ter- 
minating a 90-sec interval were reinforced by deflections of a 
voltmeter arm. Detection responses made while the arm was 
deflected were reinforced in one group of subjects by a tone 
and in a second group of subjects by money. 

Both Killeen [13] and Wayner [26] posit that schedule- 
induced behavior is mediated by an excitatory aftereffect of 
positive reinforcement. From Killeen’s [13] perspective the 
time course of schedule-induced behavior is a function of a 
slowly-decaying excitatory curve, of a decaying post- 
reinforcement inhibitory gradient, and of increasing compe- 
tition from behaviors that anticipate the reinforcer. Wayner 
[25] has suggested that schedule-induced behavior is poten- 
tiated by a general and non-specific increase in motor ex- 
citability mediated by the lateral hypothalamus and the 
availability of appropriate environmental stimuli. The hypo- 
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FIG. 1. The laboratory setup and network of task presentation and data collection equipment. The authors are indebted to Susan D. Meier for 


her rendition of this figure. 





thalamic regulation of schedule-induced behavior is sup- 
ported in a recent study by Mittelma and Valenstein [17] in 
which rats who ate or drank in response to electrical stimu- 
lation of the hypothalamus drank more when intermittently 
reinforced than rats who did not eat or drink when the hypo- 
thalamus was electrically stimulated. 

By demonstrating a link between physiological respon- 
siveness and adjunctive behavior, this study [17] suggests 
that those human physiological responses used as indices of 
activation might emerge during the post-reinforcer interval. 
In fact, Obrist’s [19,20] work, demonstrating a link between 
human cardiovascular response and somatic activity, 
strongly suggests that measures of cardiovascular activity 
are the most reasonable candidates for study. The purpose of 
the present study was thus to investigate whether human 
cardiovascular and muscular responses would be induced by 
periodic schedules of events. The physiological responses 
monitored in this study were blood pressure, vasomotor ac- 
tivity, masseter muscle activity, and heart rate. 


METHOD 
Subjects 


Sixty-six students, 34 males and 32 females, enrolled in 
introductory psychology courses at the University of Geor- 
gia participated in the study. The subjects were randomly 
assigned to fixed interval (18 males and 19 females) or ran- 
dom interval (16 males and 13 females) schedules. 


Apparatus 


Figure 1 is a stylized representation of the experimental 
network which permitted the presentation of a vigilance task 
to the subject and recorded behavioral and physiological 
measures from the subject during the task. As may be seen, 
subjects were seated in front of a VIC-20 microcomputer 
attached to a color monitor in a sound isolated and electri- 
cally shielded room measuring 2.5x2.5x2.5 meters. The 
VIC-20 was interfaced through both its user port and its 
expansion port via an IEEE488 bus card to a Commodore 
8032, disk drive and printer system, located in a room adja- 
cent to the subject chamber. The VIC-20 presented all exper- 
imental stimuli to the subject and collected data from molar 
behaviors during the session. The CBM 8032, serving as a 
slave, received clock signals from the VIC-20 permitting it to 
store the following physiological data from the Dynaport 
IEEE-488 interface (Model S18-13, Coulbourn Instruments 
Inc.) in synchronized 1-sec bins during the session. 

Muscle activity (EMG). Two silver/silver chloride 16 mm 
electrodes were placed 2.5 cm apart over the masseter of the 
subject’s left jaw. Signals from the electrodes measuring 
masseter activity were amplified by a Grass Model 7P3 wide 
band A.C. preamplifier, integrated, and digitized by means 
of an A/D converter (Model $25-12, Coulbourn Instruments 
Inc., Lehigh Valley, PA). Muscle activity was sampled at a 
rate of 1 per sec by a Dynaport interface and then collected 
and stored by the CBM 8032 until the end of the session. 
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FIG. 2. Mean changes in observing behavior rate during the intertarget interval for selected subjects from the FI and RI 90-sec 


groups. 


Interbeat interval (IBI). Three silver/silver chloride 16 
mm electrodes were placed in the Frank position (i.e., on the 
subject’s clavicle, sternum, and below the left breast). 
Signals from EKG electrodes were amplified by a Grass 
Model 7P6 EKG preamplifier and filtered through a bi-polar 
comparator (Model S21-06). Each interbeat interval was 
measured to 0.01 sec accuracy by means of a precision time 
base (Model S51-10). 

Blood volume pulse (BVP). Peripheral resistance was 
measured by an infrared photoreflective plethysmograph 
(Model T23-40) attached to the non-dominant index finger. 
Signals were filtered via a peak detector/memory (Model 
$76-31) and a voltage controlled oscillator (Model S$24-05). 

Blood pressure (BP). Blood pressure was measured by an 
automatically inflating sphygmomanometer (Vitastat Model 
900D, Vita-Stat Medical Services Inc., Petersburg, FL) at- 


tached to the subject’s dominant upper arm. The subject's 
blood pressure was sampled 30 sec following reinforcement 
on six randomly selected intervals. 

All signals, with the exception of blood pressure, were 
converted into 8-bit binary code and sampled at a rate of 1 
per sec by the Dynaport interface. Data were then transmit- 
ted to the Commodore 8032 on an availability basis and 
stored in consecutive 1-sec bins. 


Procedure 


Task. The experimental task for subjects in both fixed 
interval and random interval schedule conditions was similar 
to the vigilance task described by Lasiter [17]. For subjects 
assigned to the fixed-interval schedule the first observing 
response on the F1 function key on the VIC-20 following a 
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FIG. 3. Mean changes in EMG score during the intertarget interval for selected subjects from the FI and RI 90-sec groups. 


fixed 90-sec interval and during a 1-sec limited hold resulted 
in the appearance of a small blue dot on the screen. The 
location of the target on the screen was varied randomly 
from interval to interval. Once activated, the target remained 
visible until the end of the 1-sec limited hold. If the subject 
made a detection response to the F7 function key during this 
period, 10 points were added to a continuously displayed 
point tally. Failure either to make an observing response 
during the limited-hold period or a detection response during 
presentation of the target did not delay the scheduled onset 
of the next interval. The random interval schedule differed 
from the fixed interval schedule only in that a set of 30 ran- 
dom intervals varying between limits of 0 to 180 sec were 
generated by the VIC-20 before each session. These inter- 
vals were generated by concatenating 1-sec time units to 
lengths determined by a random gate which was adjusted to 
produce a mean interval length of 90 seconds. The intervals 


determined the time between appearances of the target, and 
subjects in both schedule conditions completed 30 intervals 
during the session. 

Following a 10-min adaptation period, a 6-min pre- 
experimental phase was conducted, during which IBI, EMG, 
BVP, and blood pressure measures were recorded. Subjects 
were then given brief instructions concerning the nature of 
the task followed by three practice trials, where they ob- 
served and detected the target. The task began after the 
practice trials. The experimenter left the room and all further 
communications appeared on the VIC’s screen. At the end of 
the session, subjects were presented a questionnaire by the 
VIC-20 and asked to provide subjective ratings of how 
angry, anxious, bored, in control, and tense they felt during 
the task. The 5-point scale for each of these items ranged 
from ‘not at all’ (1) to ‘very much’ (5). Following completion 
of the ratings, the VIC-20 stored the subject’s observing re- 
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FIG. 4. Mean changes in IBI in centiseconds during the intertarget interval for selected subjects from the FI and RI 90-sec groups. 


sponse frequencies as consecutive l-sec bins in a sequence 
file on the 4040 disk drive. The CBM 8032 then appended its 
stored EMG, IBI, and BVP data in similar format to the file. 


RESULTS 


Data Transformations 


For each subject, intra-interval data were averaged by 
consecutive 1-sec bins across only those intervals that were 
initiated by a detection response. A min/max analysis then 
detected the highest and lowest values recorded during the 
first 30-sec postevent for each measure and expressed them 
as percent changes from a local baseline value obtained by 
averaging values during bins 60-90 at the end of the intere- 
vent interval. Those percent change scores used in further 
analyses were selected in conjunction with visual inspection 
of graphs of individual functions. For purposes of plotting, 
mean intra-interval data from each subject were further col- 
lapsed into a series of 2-sec bins by averaging consecutive 
l-sec bins (e.g., bins 1+2, bins 3+4, etc.). Thus, behavior 
during the interreinforcer interval was defined by 45 2-sec 
bins for subjects assigned to the fixed-interval schedule and 
by 90 2-sec bins for subjects assigned to the random-interval 
schedule. The 6-min pre-experimental phase was divided 
into 4 90-sec intervals. Data within each of these intervals 
were analyzed in the same manner as session data. 


Pre-Experimental Phase 


The BVP, IBI, and EMG data did not systematically vary 
during the contrived 90-sec interval for any of the subjects. 


Observing Responses 


In Fig. 2, inspection of observing response rates of four 
representative subjects selected from the fixed-interval 
group (subjects FFN 10, MFNB 16, MFN 10, and FFN 8) 
illustrate that responses generally did not occur until the 
second half of the interreinforcement interval. The rates 
were positively accelerated and demonstrated the ‘FI scal- 
lop’. In contrast, observing response rates for the three 
representative subjects selected from the random-interval 
group (subjects FRB 14, MRB 14, and MR 7), were generally 
steady throughout the interval. The rates varied between 0.5 
and 4.5 responses per sec. 


Blood Volume Pulse (BVP) 


Dramatic post-reinforcer changes in blood volume pulse 
occurred with 76% of the subjects in the fixed-interval group 
and 59% of the subjects in the random-interval group, a 
difference between groups that was not significant, 
x?(1)=2.80, p>0.05. As depicted in Fig. 3, marked peripheral 
vasoconstriction began 6-8 sec post reinforcer and subsided 
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FIG. 5. Mean changes in BVP score during the intertarget interval for selected subjects from the FI and RI 90-sec groups. 


again to prechange levels within 8-10 sec for subjects MFNB 
16, MFN 10, and FFN 8 from the fixed-interval group and for 
subjects MRB 14 and MR 7 in the random-interval group. 
Latency to reach maximal constriction did not differ between 
schedule conditions for those demonstrating BVP changes, 
F(1,41)=1.14, but was slightly shorter for males (11.2 sec) in 
both conditions than for females (12.4 sec), F(1,41)=4.34, 
p<0.05. Maximal depressions in IBI score were 22.1% and 
35.2% below baseline for males in the fixed-interval and 
random-interval conditions. Likewise, maximal depressions 
were 19.1% and 21.0% below baseline for females in the two 
conditions. A two-factor ANOVA performed on these data 
revealed that a fixed-interval schedule induced a smaller 
percent change (20.6%) in BVP than did a random-interval 
schedule (28.1%), F(1,41)=5.78, p<0.05, BVP for males 
changed more than for females (28.7% vs. 20.0%), 
F(1,41)=7.78, p<0.01, but schedule and sex did not interact, 
F(1,41)=3.26, p>0.05. BVP measures for the remaining 24% 
and 31% of subjects in the fixed and random-interval groups 
did not vary systematically during the interreinforcement 
interval as illustrated by subject FFN 10 from the fixed- 
interval group and FRB 14 from the random-interval group. 


Interbeat Interval (IBI) 


Interbeat interval varied during the post-reinforcer period 


for 12 males and 11 females, representing 63% of the subjects 
in the fixed-interval group. Illustrated in Fig. 4 by the IBI 
curves of subjects FFN 10, MFNB 16, MFB 10, and FFN 8, 
interbeat interval dropped briefly 2-4 sec post target detec- 
tion and then returned to prechange levels 2-6 sec later. 
Maximal depressions in interbeat interval were 9.4% from 
baseline and did not differ between males and females (F<1). 
Latency to reach maximal depression occurred 7.1 sec 
postevent on the average and also did not differ between 
sexes, F(1,21)=1.56. In contrast, only 25% of the subjects in 
the random-interval group exhibited a post-reinforcer heart 
rate increase (5 males, 2 females), a percentage that was 
significantly lower than that for the fixed-interval group, 
x?(1)=66.17, p<0.01. Subject MRB 14 illustrates heart rate 
change in the random interval condition. The IBI pattern 
representing the remaining 37% and 75% of the subjects in 
the fixed- and random-interval groups is displayed for FRB 
14 and MR 7 in Fig. 4. 


Masseter Activity (EMG) 


Masseter activity increased briefly following target de- 
tection in 46% of the subjects in the fixed-interval group and 
is displayed for subjects FFN 10 and MFNB 16 in Fig. 5. The 
latency to reach maximal change for the 8 males demonstrat- 
ing masseter activity was shorter (4.4 sec) than that for the 9 
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females demonstrating post-target activity (6.8 sec), 
F(1,15)=6.4, p<0.05. Percent change from baseline did not dif- 
fer between males (18.9%) and females (25.4%), F(1,15)=1.15. 
For the remainder of the subjects in the fixed-interval group, 
masseter activity did not change during the interval. The typical 
patterns of masseter activity for subjects not showing post- 
target is demonstrated by the EMG curves of subjects MFN 
10 and FFN 8. No subjects in the random-interval group 
displayed systematic changes in EMG during the interval. 
EMG curves for three selected subjects are shown in Fig. 5. 


Blood Pressure and Subjective Ratings 


A split plot analysis of covariance [14] using baseline blood 
pressure as a covariate and experimental group and time of 
measure as the factors demonstrated that blood pressure did 
not differ significantly between baseline and task conditions 
for subjects assigned to either schedule. Furthermore, blood 
pressure did not significantly change during the session. Sub- 
jects from the fixed- and random-interval groups did not sig- 
nificantly differ in how bored, angry, anxious, tense, or in 
control they felt during the task. 


DISCUSSION 


In this experiment the majority of the subjects assigned to 
the fixed and random-interval groups displayed a transient 
but dramatic period of vasoconstriction, evidenced by a drop 
in blood volume pulse beginning 6-8 sec post-target detec- 
tion and returning to prechange level within a period of 10 to 
14 sec after reinforcement. Most of these subjects, and par- 
ticularly those in the fixed-interval group, also displayed a 
concomitant increase in heart rate during the same post- 
target period. This pattern of cardiovascular response, 
presumably the result of hypothalamic stimulation of the 
cardiovascular and vasomotor system [10], was not as evi- 
dent in those subjects assigned to the random-interval group. 

Although a direct comparison of the changes in car- 
diovascular response and adjunctive behavior is not possible 
in this study, the timing of the two appear to be very similar. 
The location during the post-reinforcer interval of cardiovas- 
cular change found in this study overlaps the location of 
schedule-induced movement reported by Lasiter [15], and 
suggests that the two response systems are closely linked. 

There are several theories which support this proposed 
linkage. Obrist’s [19,20] cardiac-somatic hypothesis was 
based upon data collected from humans in various 
temporally-paced tasks and assumes that under these condi- 
tions the cardiovascular system is under predominant sym- 
pathetic control by the central nervous system. During the 
signalled period of reaction time or active avoidance tasks, 
Obrist [20] reported concurrent drops in heart rate, chin 
EMG, and ocular activity, indicative of increasing vagal in- 
hibition. Vagal tone was quickly disinhibited after the sub- 
ject made his response; however, giving rise to phasic in- 
creases in cardiovascular and somatic activities, similar to 
those recorded following target-detection responses made by 
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subjects in the present study. His theory could easily incor- 
porate the induction of other somatic behaviors, commonly 
labeled adjunctive, by proposing their temporary release 
from tonic inhibition during the immediate post- 
response/reinforcement period. 

The linkage site of cardiac activity and schedule-induced 
behavior is more closely pinpointed by Wayner’s [25] 
theory. Wayner has suggested that schedule-induced behav- 
ior is mediated by a general and non-specific increase in 
motor excitability mediated by the lateral hypothalamus and 
the availablity of appropriate environmental stimuli. Wayner 
supported his theory by describing the similarities between 
the behavioral effects of either electrical or chemical stimu- 
lation of the lateral hypothalamus and intermittent rein- 
forcement. According to Wayner [26], stimulation of the lat- 
eral hypothalamus increases motor excitability. At a molar 
level, the particular behavior expressed is determined by the 
availability of certain environmental stimuli. Thus, if water is 
available, adjunctive drinking is observed; if, instead, a con- 
specific is available, adjunctive attack is observed. At the 
cardiovascular level, increases in heart rate and a phasic 
period of vasoconstriction would result. Both theories, then, 
presume that molar and molecular responses act in parallel 
and are essentially coordinated by a central mediating sys- 
tem which is responsive to intermittently presented reinforc- 
ers. 

Neither theory would necessarily predict that in the pres- 
ent study, fewer subjects would exhibit cardiovascular 
changes following targets presented on a random-interval 
than on a fixed-interval schedule; however, such findings are 
not unprecedented. A number of experimenters [16,22], but 
not all [3], have reported striking differences in schedule- 
induced drinking between rats receiving pellets on fixed- or 
variable- vs. random-interval schedules of either response- 
dependent or independent reinforcement schedules. Rats re- 
ceiving pellets on a truly random interval schedule have 
either failed to develop SIP or their drinking has been signifi- 
cantly retarded when compared with rats receiving food on 
fixed or variable schedules. The deficit in SIP has generally 
been attributed to the direct competition provided by goal- 
oriented behaviors which resume at a high and constant rate 
immediately after reinforcer delivery and thus interfere with 
drinking. Such response competition could not apply in the 
present study, however, where observing responses, sus- 
tained at a constant rate by subjects in the random-interval 
group, could not have directly interfered with phasic car- 
diovascular changes. In fact, post-target cardiovascular re- 
sponses, when induced in subjects in the random-interval 
group, were significantly more prominent than those induced 
in subjects in the fixed-interval group, even though observ- 
ing responses were emitted at a steady rate throughout the 
interval for the former-subjects and scalloped for the latter. 
These data argue that any inhibitory influence of random- 
interval contingencies on behavioral induction is applied at a 
central mediating level rather than a peripheral behavioral 
level. 
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DEEMS, D. A., R. L. OETTING, J. E. SHERMAN AND J. GARCIA. Hungry, but not thirsty, rats prefer flavors paired 
with ethanol. PHYSIOL BEHAV 36(1) 141-144, 1986.—The present experiments examined the reinforcing effects of an 
ethanol (EtOH) unconditioned stimulus (UCS) on conditioned flavor preferences in food-deprived rats and in water- 
deprived rats. In Experiment 1A food and water deprived animals received distinct conditioning treatments. One half of the 
animals were intragastrically intubated with EtOH (0.5 g/kg), and thereafter allowed 20 min free access to similar flavored 
drinking solutions. Remaining animals were intubated with distilled water. All animals received 15 presentations of an 
EtOH-paired flavor. A two-bottle preference test was subsequently used to evaluate preferences or aversions to flavors 
paired with EtOH in food-deprived and water-deprived animals. Results of Experiment 1A showed that food-deprived 
animals preferred the flavor associated with EtOH. Conversely, preferences for EtOH-paired flavors were not established 
in water-deprived animals. In Experiment 1B deprivational states of animals used in Experiment 1A were reversed without 
further drug training. Following a two week habituation period to deprivation state animals again received a two-bottle 
preference test to re-evaluate preferences or aversions to the EtOH-paired flavors. Results of those manipulations indi- 
cated that an ethanol aversion was established in the water-deprived animals. Those results indicated that water-deprived 
animals of Experiment 1B reversed their EtOH-paired flavor preference when the caloric need associated with food 
deprivation conditions was eliminated. Since deprivational state determined the development of EtOH preferences, the 


present results indicate that caloric need may play an initial role in establishing conditioned preferences for EtOH. 


Alcoholism Aversion learning 


Ethanol preferences 


Flavor learning Rat Taste learning 





FEW studies have established conditioned preferences for 
flavors (tastes and odors) paired with ethyl alcohol (EtOH) 
consumption [7]. For instance, animals will typically display 
aversions for flavor solutions paired with EtOH [1, 2, 3, 5, 
6]. The fact that behavioral investigations have failed to es- 
tablish reliable conditioned preferences for EtOH has pre- 
sented a consistent problem when attempting to develop 
animal models of alcoholism. That rats typically acquire 
aversions to flavors associated with EtOH implies that under 
most situations the postingestional consequences of EtOH 
consumption and/or the gustatory and olfactory stimuli that 
accompany EtOH are aversive. Such an interpretation de- 
rived from animal experiments is inconsistent with observa- 
tions obtained in humans, in which flavors paired with EtOH 
are often preferred (e.g., the taste of Scotch). To establish an 
animal model of alcoholism it is necessary to demonstrate 
that conditioned preferences for flavors paired with EtOH 
can be manifested as a function of learning. Although most 
animal experiments have failed to demonstrate preferences 
for flavors paired with EtOH, several distinct research find- 
ings indicate that the development of preferences for 
EtOH-paired flavors may be related to food deprivational 
State. 





Sherman et al. [6] reported that food-deprived rats exhibit 
preferences for flavor solutions containing low concentra- 
tions of EtOH. Ethanol preferences reported by Sherman et 
al. [6] were dose dependent to the extent that aversions, 
rather than preferences, were established as EtOH concen- 
tration increased from 0.5 g/kg to 2.0 g/kg. Based on those 
findings Sherman et al. [6] suggested that the caloric benefit 
provided by low concentrations of EtOH served as a rein- 
forcing mechanism for preferences in food-deprived rats, 
and that as EtOH concentration increased, aversive effects 
of EtOH consumption outweighed the benefits of caloric res- 
toration. Their discussion of the caloric restorative proper- 
ties of EtOH, henceforth referred to as the caloric restora- 
tion hypothesis, was based on the fact that EtOH provides 
nearly twice the caloric density of glucose [7,8]. Consistent 
with the caloric restoration hypothesis was the observation 
that presentations of an isocaloric glucose solution induced 
preferences similar to those established by low dose EtOH 
consumption [6]. Additionally, when EtOH provided no 
caloric advantage, by presenting also a flavor solution paired 
with an isocaloric concentration of glucose, a flavor paired 
with EtOH was less preferred than a flavor paired with glu- 
cose. 


1Supported by NIHNCDS Grant No. NS 11618 and Program Project Grant HD 05958, awarded to J.G. 
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FIG. 1. Results of conditioning (left panels) and preference tests 
(right panels) in Experiment 1A. Top left panel shows acquisition of 
significant EtOH-paired flavor preferences in food-deprived animals 
(Group FD) across conditioning trials. Water-deprived animals 
(Group WD; lower left panel) failed to acquire similar EtOH-paired 
flavor preferences. 
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In contrast to the findings of Sherman ef al. [6], it has 
been shown that low doses of EtOH can produce con- 
ditioned flavor aversions in water-deprived rats [3,5]. For 


instance, at a dose of 0.4 g/kg Eckardt et al. [3] observed 
EtOH aversions rather than EtOH preferences. The forego- 
ing observations suggest that EtOH preferences are at least 
partially influenced by food deprivation states. 

The present experiments examined further the contribu- 
tion of food and water deprivation states to flavor-EtOH 
preferences. Specifically, these experiments attempted to 
determine whether or not preferences for flavors paired with 
EtOH could be established by manipulating deprivation. 


EXPERIMENT 1A 


Sherman et al. [6] reported conditioned preferences for 
flavors paired with EtOH, as opposed to flavors paired with 
water. In their study food-deprived rats were intragastrically 
intubated with EtOH or water on separate days. Shortly 
after each intubation rats were presented with a distinctive 
flavored drinking solution for 20 min. One flavor was consis- 
tently paired with EtOH intubations, whereas the other 
flavor was paired with water. Food-deprived animals that 
received EtOH-flavor training acquired preferences. Exper- 
iment 1A employed the procedures of Sherman et al. [6] with 
different groups of rats that were either food or water de- 
prived. If caloric restoration contributed to flavor prefer- 
ences reported by Sherman et al. [6] preferences should be 
established in food-deprived rats. 


METHOD 
Subjects 


Thirty-two male albino rats (Sprague-Dawley) served as 
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FIG. 2. Results of Experiment 1B in which deprivational states were 
reversed in animals conditioned in Experiment 1A. Following reversals 
of deprivation states, without further ethanol conditioning, significant 
EtOH-paired flavor aversions were evident in animals that received 
prior training under food deprivation in Experiment 1A (shown as 
Group WD’). Animals that were water-deprived in Experiment 1A 
did not exhibit reliable EtOH preferences following reversals of 
deprivation states (shown as Group FD’). Thus, food deprivation 
state was necessary to maintain EtOH-paired flavor preferences 
established in Group FD of Experiment 1A. 


subjects. Animals were 90-120 days old at the start of the 
experiment. Animals were housed in individual cages and 
fed an ad lib diet of Wayne Lab Blox. All manipulations were 
conducted during the light component of a 12 hour light cy- 
cle. 


Conditioning Procedures 


Two weeks prior to training, animals were randomly as- 
signed to one of two groups containing 16 animals each. One 
group received food deprivation (Group FD). Remaining 
animals received water deprivation (Group WD). The FD 
group was reduced and maintained at 85% of their free- 
feeding weight. The WD group received 30 min free access to 
water per day. 

On each of four days preceding conditioning animals were 
sham intubated with a feeding tube and then given free ac- 
cess to a 5% (w/v) sucrose solution for 20 min. Such proce- 
dures served to habituate animals both to intubation proce- 
dures and to the sucrose drinking solution. The sucrose 
drinking solution was presented as a common component of 
the distinctive flavors in order that food be present as part of 
the flavor cue. Conditioning was initiated by intubating each 
animal with EtOH or water on an alternating daily basis. On 
any specific day one-half of the animals in each group re- 
ceived intubations of EtOH (0.5 g/kg) prior to the presenta- 
tion of a distinct flavor. The EtOH solution contained 0.5 
g/10 ml (95% EtOH in distilled water) for an intubation vol- 
ume of 10 ml/kg. Remaining animals received intubations of 
distilled water (10 ml/kg). Two minutes after intubation 
animals were allowed 20 min free access to a distinct flavored 
solution. On odd numbered training days a banana-sucrose 
solution was presented to both groups. The banana-sucrose 
solution contained 3% (v/v) banana extract (Schilling Co.) 
and 5% sucrose (w/v) in distilled water. On even numbered 
training days an almond/lemon-sucrose solution was pre- 
sented to both groups. The almond/lemon-sucrose solution 
contained 2% (v/v) almond extract (Schilling Co.), 1% (v/v) 
lemon extract (Schilling Co.) and 5% sucrose (w/v) in dis- 
tilled water (flavored extracts produced by Schilling Co. con- 
tain a percentage of EtOH as solvent). Flavors were pre- 
sented in 50 ml graduated centrifuge tubes equipped with 
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stainless steel drinking spouts and rubber stoppers. Flavor 
presentations were balanced across EtOH and water intuba- 
tions in each group. Water bottles of food deprived animals 
were returned after each 20 min flavor presentation. All 
animals received a total of 15 presentations of each flavor. 
Five hours after training food-deprived animals received 
their daily ration of food, and water-deprived animals re- 
ceived an additional 10 min of water for a total of 30 min 
drinking per day. Body weights of water-deprived animals 
were 376.7+3.4 g at the beginning of trial 1, and at trial 15 
416.4+5.3 g. Body weights of food-deprived animals were 
347.9+2.9 g at trial 1 and 347.6+2.7 g at trial 15. 


Preference Testing 


Preferences for EtOH-associated flavors were assessed 
following conditioning with two-bottle flavor tests. Prefer- 
ence tests were conducted by presenting both flavor solu- 
tions to each animal for 20 minutes. Intubation procedures 
were omitted during the preference-aversion tests. Positions 
of solutions (left or right) were balanced across animals and 
groups. Solution consumption was recorded to the nearest 
0.5 ml at the conclusion of testing, and bottles were re- 
moved. 


RESULTS AND DISCUSSION 


Figure 1 presents mean solution consumption during 
training and testing for both food-deprived animals (Group 
FD) and water-deprived animals (Group WD). As shown in 
Fig. 1, consumption of the paired flavors in Groups FD and 
WD increased in an orderly manner as a function of condi- 
tioning, F(2,60)=50.29, p<0.01. Group FD (top panel) drank 
significantly more of the EtOH-paired flavor than the H,O- 
paired flavor, F(1,28)=45.83, p><0.001, on trial 15. However, 
group WD (bottom panel) showed no significant preference 
for the EtOH-paired flavor on trial 15. 

Because amount of solution consumed during training 
was measured on different days, and since consumption dur- 
ing training may also reflect the possible contribution of un- 
conditioned effects of EtOH (e.g., intoxication), two-bottle 
preference tests provided distinct evidence of the condition- 
ing effects. Test data (see Fig. 1) were consistent with the 
training results. Although there were no significant main ef- 
fects, consumption during the two-bottle flavor test in- 
teracted with deprivational state and drug-paired flavor, 
F(1,28)=9.31, p<0.01. Planned comparison analyses indi- 
cated that group FD drank significantly more of the EtOH- 
paired flavor as compared to the H,O-paired flavor, 
F(1,28)=8.43, p<0.01. Group WD consumed statistically 
equivalent volumes of the EtOH-paired flavor and the water- 
paired flavor. 

Results of Experiment 1A agreed well with the observa- 
tion of Sherman et al. [6]. Low concentrations of EtOH ad- 
ministered to food-deprived rats produced conditioned pref- 
erences to a flavor with which it was paired. Conversely, 
conditioned preferences were not established in the water- 
deprived rats. 


EXPERIMENT 1B 


Experiment 1B was designed to more thoroughly assess 
the contribution of deprivational state to the conditioned 
preferences established in Experiment 1A. To that end the 
deprivational states of animals employed in Experiment 1A 
were reversed without providing any further EtOH training. 
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This procedure served to eliminate the caloric need of the 
food-deprived animals of Experiment 1A by making them 
water deprived. If the caloric restorative properties of 
EtOH, represented by the EtOH-paired flavors, are neces- 
sary for the maintenance of an EtOH-paired flavor prefer- 
ence, elimination of caloric need should alter the EtOH- 
paired flavor preference. Preferences for flavors paired with 
EtOH were re-evaluated with two-bottle tests, similar to 
those described in Experiment 1A. 


METHOD 
Subjects 


Animals from Experiment 1A were used in Experiment 1B. 
Procedure 


The deprivational state of each animal was reversed at the 
conclusion of testing in Experiment 1A; Group FD animals 
received water deprivation and became group WD’, while 
group WD animals received food deprivation and became 
group FD’. Group WD’ animals were limited to 30 min of 
water per day. Group FD’ animals were reduced and main- 
tained at 85% of their ad lib weights, as recorded at the 
conclusion of Experiment 1A. Animals were maintained in 
those conditions without drug training for 15 days. 

Preferences for the EtOH associated flavors (established 
in Experiment 1A) were re-evaluated with two-bottle tests. 
Two-bottle preference tests were identical to those described 
in Experiment 1A. 


RESULTS AND DISCUSSION 


Figure 2 presents mean solution consumption of each 
paired flavor during preference testing in groups WD’ and 
FD'. As shown, there was a significant difference in the 
mean (ml) solution consumption between group WD’ and 
group FD’, F(1,28)=8.37, p<0.01. Planned comparison 
analyses indicated that group WD’ drank significantly more 
of the H,O-paired flavor as compared to the EtOH-paired 
flavor, F(1,28)=10.22, p><0.01. Group FD’ showed no signif- 
icant difference in the consumption of the flavored solutions. 

Results of Experiment 1B supported the caloric restora- 
tion hypothesis, in that water-deprived animals did not show 
an EtOH-paired flavor preference in the absence of caloric 
need. Rather, those animals exhibited an ethanol aversion. 


GENERAL DISCUSSION 


The present experiments examined the role of food depri- 
vation on conditioned preferences for flavors paired with 
EtOH. The present results show that consumption of low 
concentrations of EtOH (0.5 g/kg) can establish a preference 
to a flavor with which it is paired. Sherman et al. [6] previ- 
ously suggested that caloric restoration provided by EtOH 
served as the reinforcing mechanism. That hypothesis is 
supported by the present results. Water-deprived animals of 
Experiment 1A showed no significant preference for the 
EtOH-paired flavor, whereas food-deprived animals did 
demonstrate a preference for the EtOH-paired flavor. Exper- 
iment 1B provided further evidence for the caloric restora- 
tion hypothesis, inasmuch as animals whose caloric need 
was eliminated by reversing deprivational state from food 
deprivation to water deprivation switched from an EtOH- 
paired flavor preference to an EtOH-paired flavor aversion. 
Interestingly, a similar reversal of paired flavor preferences 
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has been reported also by Holman [4] using a caloric/food 
UCS when animals were switched from food deprivation to 
water deprivation as in the present experiment. Taken to- 
gether, these data indicate the important caloric contribution 
of EtOH in establishing and maintaining an EtOH-paired 
flavor preference. 

Even though food-deprived animals of Experiment 1A 
demonstrated a conditioned preference for the flavor paired 
with EtOH, results of Eckardt et al. [3] imply that EtOH- 
paired flavor aversions should have been established in water- 
deprived animals of Experiment 1A. Such aversions were not 
observed. In fact, water-deprived animals displayed no signifi- 
cant difference in the consumption of the paired flavors. Since 
the EtOH concentration administered by Eckardt et al. [3] was 
approximately equal to that employed in the present experi- 
ment, it is possible that route of administration could account 
for the discrepancy in results between the Eckardt er al. [3] 
study and the present experiment. For instance, Eckardt et al. 
[3] administered EtOH intraperitoneally: in the present experi- 
ment intragastric intubation was used. Thus, it is possible 
that intraperitoneal administrations of EtOH induced differ- 
ent conditioning effects. In support of that possibility is the 
observation that intraperitoneal injections induce more rapid 
absorption of EtOH relative to intragastric intubation, and 
therefore induce a more rapid onset of intoxification and a 
greater intensity of intoxification [5]. Consequently, the 
ethanol dose administered by Eckardt et al. [3] (0.4 g/kg) 
could be functionally greater than that obtained following the 
(0.5 g/kg) intragastric administration that produced an EtOH 
preference in the food deprived animals of Experiment 1A. 
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Consistent with that notion is the fact that higher doses of 
EtOH produce either no effect or a conditioned aversion in 
food-deprived animals [6]. 

Although our observations indicate that the caloric re- 
storative properties of ethanol play a role in establishing 
ethanol-paired flavor preferences, these results also allude to 
the possible limitations of the caloric restoration hypoth- 
esis. Group WD of Experiment 1A showed no flavor prefer- 
ences, but group WD’ of Experiment 1B did develop an 
ethanol-paired flavor aversion. The caloric restoration hy- 
pothesis cannot account fully for this discrepancy, there- 
fore, other variables related to the deprivation histories of 
the animals could contribute to the preferences and aver- 
sions observed in Experiment 1B. The role of the caloric 
value of ethanol in establishing EtOH preferences is appar- 
ent, although its role in the maintenance of a preference is 
not entirely understood. 

The present experiments demonstrate that conditioned 
flavor preferences can be established in rats with a low con- 
centration of EtOH. Apparently, this effect is largely de- 
pendent upon the caloric value of EtOH consumption, rather 
than the intoxicating effects of the drug. The possibility that 
the caloric value of EtOH consumption may play a role in 
establishing preferences for EtOH-paired flavors in humans 
has been suggested elsewhere [7]. The present results extend 
that hypothesis and indicate that EtOH-paired flavor prefer- 
ences in rats, and possibly in humans, may be related to 
similar caloric restorative processes. Whether or not such 
preferences for EtOH lead to EtOH dependence (abuse) in 
human awaits further evaluation in infrahuman species. 
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VICEDOMINI, J. P., A. J. NONNEMAN, S. T. DEKOSKY AND S. W. SCHEFF. Perinatal glucocorticoids disrupt 
learning: A sexually dimorphic response. PHYSIOL BEHAV 36(1) 145-149, 1986.—Glucocorticoid hormones administered 
during the perinatal period transiently inhibit postnatal granule cell neurogenesis, and thus interfere with normal 
hippocampal-dentate gyrus development. Chronic deficits on behavioral tests sensitive to hippocampal-dentate function 
result from such treatments. In the present study rats of both sexes received either a high dose (100 mg/kg) or low dose (1 
mg/kg) of dexamethasone (a synthetic glucocorticoid) on postnatal day four. Control subjects received saline or nutritional 
deprivation intended to produce body and brain growth suppression comparable to that observed in low dose subjects. 
Behavioral tests sensitive to cerebellar (motor coordination) and hippocampal (place response acquisition and reversals) 
dysfunction were conducted in adulthood. Control and nutritional control subjects did not differ from each other on any 
behavioral measures. Motor coordination tests revealed no evidence of chronic dysfunction in dexamethasone treated or 
nutritionally deprived subjects. Spatial learning and reversal tests revealed a gender and dose-response effect for dex- 
amethasone treatment. Low dose subjects were impaired relative to controls. High dose subjects exhibited significant 
learning impairments relative to low dose and saline or nutritional control subjects. Within the high dose group only, female 
subjects were more impaired than male subjects. These gender dependent effects may be related to enhanced glucocor- 
ticoid binding in the hippocampi of female versus male rats. 


Glucocorticoids Hippocampal development 


Spatial learning ability Rats 





CHRONIC behavioral deficits, referable to anomalous cere- 
bellar and hippocampal granule cell development, are 
produced by early treatments with glucocorticoid hormones. 
Motor-coordination impairments, indicative of cerebellar 
dysfunction, have been reported [12,19]; impairments 
on learning tasks sensitive to hippocampal damage [1, 13, 17] 
have also been found [5, 9, 18]. 

In a previous study we showed that a single glucocor- 
ticoid treatment on postnatal day four produced persistent 
weight decrements in the cerebelli and hippocampi of male 
rats [4]. Additionally, spatial learning ability was assessed in 
the Morris open-field water maze [16], using testing 
protocols previously shown to reveal performance deficits in 
hippocampally damaged rats [22,23]. We found that early 
glucocorticoid treatment produced chronic spatial learning 
impairments [4]. 

Recently, Turner and Weaver [24] described a marked 
sexual dimorphism in adult rat hippocampal glucocorticoid 
receptor binding. Using either tritiated corticosterone or dex- 
amethasone, high affinity cytosol receptor binding was 
greater in the hippocampus of female than male rats. 
Females also exhibited a greater capacity than males for 
translocation of steroid-receptor complexes to the nuclear 
compartment [24] known to selectively concentrate 
glucocorticoid hormones [15]. 





Since it is known that perinatally administered glucocor- 
ticoids suppress brain growth [10, 11, 19, 20], particularly in 
cerebellum and hippocampus [2, 8, 25]. In light of recent 
evidence for a sexual dimorphism in glucocorticoid receptor 
binding [24] the present study assessed the long-term behav- 
ioral effects of early glucocorticoid treatment in both male 
and female rats. 


METHOD 
Subjects 


Timed pregnant Sprague-Dawley rats (Harlan Industries, 
Ind.) provided neonatal subjects for these experiments. Fol- 
lowing the day of birth each litter was culled to 8-10 pups 
and randomly assigned to one of four treatment conditions: 
nutritional control (n=22, 12 male and 10 female), control 
(n=8, 4 male and 4 female), low dose dexamethasone (n= 28, 
12 male and 16 female) and high dose dexamethasone (n=40, 
21 male and 19 female). A nutritional control group was in- 
cluded to assess for potential effects on brain development 
produced by transient malnutrition typically following 
perinatal glucocorticoid treatment. Following weaning, the 
subjects were group housed (3—4 per cage) with members of 
the same litter and gender until the beginning of behavioral 
testing at 80-90 days of age. During behavioral testing the 
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TABLE 1 
BODY WEIGHTS 





Age in Postnatal Days 


Treatment 
Group 10 15 20 





11.83 + 0.29 
(n=8) 


11.05 + 0.31 
(n=22) 


10.73 + 0.28 


14.43 + 0.33 
(n=8) 


12.51 + 0.33* 
(n=22) 


9.67 + 0.24*7 


34.08 + 0.56 
(n=8) 


19.55 + 0.48* 
(n=22) 


20.52 + 0.85* 


Control 39.75 + 0.71 


(n=8) 


26.04 + 0.64* 
(n=22) 


28.09 + 0.75** 


45.25 + 1.01 
(n=8) 


33.35 + 0.85* 
(n=22) 


36.57 + 0.98*+ 


Nutritional 
Control 


Low Dose 


High Dose 


(n=37) 


11.13 + 0.16 
(n=67) 


(n=36) 


9.00 + 0.15*tt 


(n=58) 


(n=35) 


10.78 + 0.37*t% 
(n=55) 


(n=28) 


22.18 + 0.53*tt 
(n=46) 


(n=28) 


29.93 + 40*++ 
(n=40) 





*p<0.05 vs. control. 
+p<0.05 vs. nutritional control. 
¢p<0.05 vs. low dose. 


Mean + S.E.M. weights (g) of subjects in each treatment group. 


subjects were housed individually and allowed free access to 
food and water in the home cage. A 12:12 light/dark cycle 
with light onset at 8:00 a.m. was observed. All behavioral 
testing was conducted through the light phase. 


Procedure 


On postnatal day four subjects in the low and high dose 
litters received a single subcutaneous injection of dex- 
amethasone hydrochloride (Mercke, Sharpe and Dohme, 
West Point, PA). Low dose subjects received 1 mg/kg dex- 
amethasone in 0.1 ml saline; high dose subjects received 
100 mg/kg dexamethasone in 0.1 ml saline; control subjects 
received 0.1 ml of physiological saline. Subjects in the nutri- 
tional control group were included to examine a group of 
subjects exhibiting suppression of body weight and growth 
comparable to that observed in low dose animals from an 
earlier study [4]. Nutritional deprivation involved restricting 
the pups’ access (8 hours access daily) to their mother until 
the time of weaning. All subjects were weaned by 30 days of 
age. 


Body Weight Measurement 


On postnatal day four, before dexamethasone (high and 
low dose groups) and saline (control group) injections or 
nutritional deprivation (nutritional control group), each sub- 
ject was weighed. All subjects were weighed the following 
day and then at five day intervals until postnatal day twenty. 


Motor Coordination Tests 


Prior to tests of spatial learning ability each group re- 
ceived two different motor coordination tests. First, to 
assess the effects of the steroid treatment on functional cere- 
bellar development, subjects were tested (18 trials per day 
for two consecutive days) for their ability to remain balanced 
on both a stationary and rotating bar (11 cm diameter, 6 rpm 
and 12 rpm). The latency to fall, from when the subject was 
first placed on the ‘‘balance’’ bar to subsequent contact with 
a Plexiglas panel 32 cm below the bar, was measured. 


The second test assessed coordinated swimming ability 
using methods identical to those previously described [4,26]. 
Briefly, degree of forepaw inhibition, directionality and la- 
tency of swimming towards a wire mesh platform (8x22 cm; 
located 3 cm below the water line in a 20 gallon Plexiglas 
aquarium) were assessed using rating scales developed by 
Whishaw et al. [26]. This test was included since efficient 
coordinated swimming behavior was required for subse- 
quently administered spatial learning tests. 


Spatial Learning Tests 


Subjects were required to acquire and reverse a place 
response in an open-field water maze. Three place response 
reversal tests were given immediately following acquisition 
as described below. Thsese spatial learning tasks are known 
to be disrupted by hippocampal lesions [22,23] or neonatal 
glucocorticoid treatment [4]. 

The testing apparatus and procedure have been previ- 
ously described in detail [4]. Briefly, in acquisition the sub- 
ject was required to swim to a hidden submerged safety plat- 
form (3 cm below water line) located in a predetermined 
quadrant of a large circular water tank (120 cm diameter and 
56 cm deep). The spatial location from which the subjects 
were introduced to the water maze varied from trial to trial 
(eight daily trials per subject; 3 min intertrial interval, ITI). 
On each trial upon locating the safety platform the subject 
was allowed a 15 sec “‘safety’’ or rest interval prior to being 
returned to its holding cage for the ITI. If a rat had not 
located the platform within 120 sec, it was removed from the 
water maze and placed in the holding cage for the ITI. 

Acquisition testing for each animal continued until it 
reached a criterion of 6 out of 8 trials with latencies to reach 
the safety platform in 5 sec or less on each of two consecu- 
tive days. On the day after each rat attained the acquisition 
criterion, the safety platform was moved to the opposite 
quadrant of the tank. This procedure constituted the first 
reversal test. Testing continued to the same criterion as in 
acquisition. Subsequent reversal tests involved moving the 
safety platform back into the original quadrant (reversal two) 
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TABLE 2 
MOTOR COORDINATION TEST 





Type of 
Balance Test 


First Test Day 
Treatment Group 


Second Test Day 
Treatment Group 





CON 


24.87 
(+5.10) 


20.02 
(+5.41) 


LO HI 


28.62 32.91 
(+4.86) (+3.20) 


13.58 21.25 
(+7.18) (+3.03) 


CON 


43.21 
(+4.52) 


29.50 
(+6.01) 


LO HI 


37.50 44.63 
(+8.94) (+2.33) 


30.65 41.43 
(+9.58) (+3.29) 


Stationary 


Rotating 
6 RPM 


12.05 
(+4.71) 


12.93 
(+8.02) 


Rotating 
12 RPM 


(+2.66) 


18.26 27.15 


(+5.51) 


27.50 35.44 
(+9.47) (+3.31) 





Mean (+S.E.M.) seconds that subjects remained balanced without falling from the test 
apparatus; CON=control group, LO=low dose group, HI=high dose group. 


and then to the opposite quadrant (reversal three) of the 
circular water maze. 


Statistical Analyses 


All data analyses were performed using Statistical 
Analysis Systems Institute [21] statistical packages run on an 
IBM 370 computer. The data were subjected to dose by sex 
(3x2) or dose by sex (3 <2) by subjects analyses of variance. 
Post hoc comparisons between the groups were conducted 
using Duncan’s multiple range test. Subjects in the saline and 
nutritional control group did not exhibit reliable differences 


on any behavioral measures. Subsequent results (except for 
body weight measurements) reported for the control group 
reflect combined data from both saline and nutritional con- 
trol subjects. 


RESULTS 
Body Weight Measurements 


All experimental groups showed significant decrements in 
body weight relative to controls after postnatal day four (see 
Table 1). The greatest decrements were observed in high 
dose subjects, with intermediate decrements observed in the 
nutritional control and low dose subjects. At no point did 
experimental subjects obtain control values within the meas- 
ured post-injection time interval. The decreasing numbers of 
subjects in the glucocorticoid treated groups, across body 
weight measurement days, reflects random selection of sub- 
jects taken from these groups for other neuroanatomical 
studies. 


Motor Coordination Tests 


Subjects in all treatment groups showed equivalent per- 
formance abilities when required to balance on either a sta- 
tionary or a rotating rod. Moreover, across two successive 
testing days all subjects exhibited comparable and significant 
performance improvements (stationary test: F(1,532)=21.10, 
p<0.0001; 6 rpm test: F(1,426)=29.92, p<0.001; 12 rpm test: 
F(1,330)=25.67, p<0.001), see Table 2. 

The second motor coordination test assessed coordi- 
nated swimming ability, and by the second and last test day 
no reliable between group differences were found. Thus, all 
subjects exhibited nearly identical and significant perform- 
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FIG. 1. (A) Mean (+S.E.M.) days to criterion across the four suc- 
cessive phases (TOTAL) of place response testing for high dose 
(HI), low dose (LO) and control (CON) subjects and (B) for female 
(F) and male (M) subjects within each treatment group. Group 
means designed by different letters are significantly different. 


ance improvements, F(1,484)=54.70, p<0.0001. Taken to- 
gether, the results from both motor coordination tests 
showed that the spatial learning deficits reported below can- 
not be attributed to glucocorticoid induced cerebellar dys- 
function. 


Spatial Learning Tests 


Significant between group differences in spatial learning 
ability were found. When all four test phases (acquisition, 
reversal 1, reversal, 2 reversal 3) were combined to produce 
a total days to criterion measure, significant dose, sex and 
dose by sex effects were found, F(2,84)= 16.88, p<0.001; 
F(1,84)=9.97, p<0.002; F(2,84)=3.61, p<0.03, respectively. 
Post-hoc tests indicated that, regardless of gender, high dose 
subjects took significantly longer to attain criterion level per- 
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FIG. 2. (A-D) Mean (+S.E.M.) days to criterion during each phase 
of place response testing for female (F) and male (M) subjects in the 
high dose (HI), low dose (LO) and control (CON) groups. Within 
each panel group means designated by different letters are signifi- 
cantly different. 


formance than either control or low dose subjects (p<0.05), 
and, low dose subjects were significantly slower learners 
(p<0.05) than control subjects (see Fig. 1A). Further tests 
performed on the dose by sex interactions showed that sub- 
jects’ gender exerted significant effects only in the high dose 
condition (p<0.05). Female high dose subjects exhibited 
greater learning deficits than male high dose subjects (see 
Fig. 1B). 

Significant dose effects were obtained for days to crite- 
rion in acquisition, F(2,91)=12.71, p<0.0001. No significant 
sex, or dose by sex effects were observed. Post hoc analyses 
showed that high and low dose subjects required signifi- 
cantly more days to criterion than controls (ps<0.05), with 
high dose subjects requiring significantly more days than low 
dose subjects (p<0.05), see Fig. 2A. 

Analyses performed on days to criterion for the first re- 
versal revealed significant dose, F(2,88)=11.94, p<0.0001, 
and sex, F(1,88)=9.75, p<0.002, effects. High dose subjects 
required significantly more days to criterion than either con- 
trol or low dose subjects (ps<0.05). Low dose subjects also 
required significantly more days to criterion than controls 
(p<0.05). Only in high dose subjects did gender exert a sig- 
nificant effect: F(2,88)=5.69, p<0.005, males learned signifi- 
cantly faster than females (p<0.05). Data for reversal 1 test- 
ing are shown in Fig. 2B. 

Significant dose, F(2,86)=6.88, p<0.002, and sex, 
F(1,86)=6.61, p<0.01, effects were found in analyses of the 
second reversal. Post-hoc tests indicated that high dose sub- 
jects were significantly slower in achieving criterion on this 
reversal than either low dose or control subjects (ps<0.05); 
no significant differences between the later two groups were 
observed, see Fig. 2C. 

During the final reversal significant effects were found 
only for the glucocorticoid treatment, F(2,84)=3.06, p<0.05; 
and no gender effects were found. Control and low dose 
subjects did not differ from each other but both groups were 
significantly (ps<0.05) faster learners than high dose sub- 
jects, see Fig. 2D. 


VICEDOMINI ET AL. 


DISCUSSION 


Glucocorticoids administered only once during the 
perinatal period produced long-lasting behavior abnor- 
malities. Neonatal dexamethasone treatment resulted in 
spatial learning deficits qualitatively similar to those 
produced by hippocampal-dentate system damage [22,23]. In 
the current study, chronic learning deficits were both dose 
and gender dependent. During acquisition training equiv- 
alent dose-response effects were observed in both sexes. In 
high dose subjects gender dependent effects emerged upon 
reversal testing; female high dose subjects exhibited the 
poorest spatial learning ability. Gender dependent effects 
dissipated during the last reversal testing phase. 

These findings confirm and extend those reported by De- 
Kosky et al. [4]. Additionally, since the performance of nu- 
tritionally deprived control subjects did not differ from that 
of non-deprived controls, dietary insufficiency and general- 
ized stunting of brain growth are probably not responsible 
for these spatial learning deficits. 

Perinatal glucocorticoid treatments are known to perma- 
nently reduce cerebellar weights [4,10], and higher dose drug 
treatment protocols can produce chronic ataxia [12]. How- 
ever, while high doses of glucocorticoids administered suc- 
cessively over the first post-natal week produce cerebellar 
deficits [10,12], such motor impairments were not found in 
the glucocorticoid treated subjects of the present study. On 
two different tests of motor ability, rotating rod and swim- 
ming coordination tests, dexamethasone treated subjects’ 
performance did not differ reliably from that of control sub- 
jects. Thus differences in motor ability per se cannot account 
for the learning deficits observed in glucocorticoid treated 
subjects. 

The finding that female high dose subjects were more 
impaired than their male counterparts during reversal testing 
is important. Hippocampal functional integrity is more sen- 
sitively assessed by the reversal than the acquisition phase of 
spatial discrimination learning tasks [13]. The present re- 
sults, especially those from the initial reversal tests, show 
that reversal learning ability, which is related to hippocampal 
functional integrity, is selectively impaired in female relative 
to male subjects treated with glucocorticoids early in life. 

In female high dose subjects the quantitatively greater 
behavioral deficits, produced by perinatally administered 
glucocorticoids, may reflect gender dependent differences in 
glucocorticoid receptor binding. Adult female rats show 
greater amounts of hippocampal glucocorticoid receptor 
binding than males [24]. Thus, in the hippocampus of female 
rats greater concentrations of the exogenously supplied 
steroid may occur, and this could serve to enhance the sup- 
pressive influence of glucocorticoids on granule cell devel- 
opment in female relative to male subjects. Additionally, 
since patterns of hippocampal afferent connectivity are es- 
tablished during the first postnatal week [6, 14, 27] early 
steroid treatment could disrupt development of the precisely 
laminated afferent supply. The normal laminar segregation of 
the developing afferent systems is known to be dependent on 
the temporally ordered arrival of certain ‘‘critical’’ afferents 
[7]. Transient inhibition of granule cell development conse- 
quent to perinatal steroid treatment [2,10] might alter the 
temporal sequence of afferent axon arrival, in turn producing 
abnormal patterns of connectivity between granule cells and 
their afferent supply. As shown by this study such glucocor- 
ticoid effects on granule cell afferent connectivity may be 
more extensive in female subjects. 
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STEPHAN, F. K. The role of period and phase in interactions between feeding- and light-entrainable circadian rhythms. 
PHYSIOL BEHAV 36(1) 151-158, 1986.—Sixteen blind male rats were maintained on ad lib food and water for 115 days to 
obtain stable free-running rhythms. Fifteen rats were then exposed to restricted feeding (RF, 4 hr/cycle) for 52 days and the 
period of food access (T) differed from the period of the free-running rhythm (r) by 0.05 to 0.30 hr. Among 15 animals 
exposed to RF, deceleration of the free-running rhythm was observed in 11 rats, small accelerations occured in 2 rats, and r 
remained unchanged in 2 rats exposed to RF and one ad lib rat. The free-running rhythm assumed the period of RF in 3 rats 
where T-r was <0.1 hr and the change in 7 persisted for 42 days after RF. However, other rats failed to synchronize their 
free-running rhythm despite small period differences. Although these results show that the two underlying circadian 


pacemaking systems are not functionally independent, they appear to be only weakly coupled. 


Circadian rhythms Periodic feeding Entrainment 


Coupling 





PERIODIC access to food displaces a number of behaviors 
and physiologic functions from their normal phase position 
within the circadian cycle (for review, see [4,24]). It has 
become increasingly clear that many of these responses dis- 
play the functional properties of a circadian pacemaker and 
are not simply passive or homeostatic consequences of lim- 
ited food availability. In particular, the increase in activity 
prior to food access [20,21] occurs only when the period of 
restricted feeding (RF) is within the circadian range [2, 3, 5, 
26, 27], the activity free runs in certain conditions [5, 6, 26, 
27], and transients are observed when food access is phase 
shifted [30]. These properties are not abolished by lesions of 
the suprachiasmatic nucleus [5, 12, 16, 25, 26, 27, 29], al- 
though lesions of this structure eliminate or severely disrupt 
many (but not all) circadian rhythms in animals maintained in 
ad lib conditions [23]. 

These results imply the existence of two major circadian 
pacemaking systems with distinct anatomical loci of control. 
One of these is entrainable by light-dark cycles, the other by 
periodic feeding. Since circadian rhythms are normally ex- 
pressed in a coherent fashion (i.e., different circadian 
rhythms have a stable phase position within the cycle), it 
seems reasonable to assume that different circadian 
pacemakers are coupled. A number of studies have ad- 
dressed the question of interaction between periodic food 
access and the free-running circadian rhythm which might be 
indicative of such coupling. In the squirrel monkey, periodic 
food access appears to synchronize the free-running activity 
rhythm (31, 32, 33], although this effect may depend on ex- 
perimental conditions [9]. On the other hand, in the rat, re- 
sults have been primarily negative, i.e., the free-running ac- 





tivity rhythm fails to synchronize to RF or restricted water 
access in blind rats [10,14] or in rats maintained in dim LL [2, 
5, 11, 25, 26], with only a few possible exceptions [7,8]. 

Nevertheless, even in studies reporting negative results, 
the free-running rhythm frequently appears to change its 
period or becomes phase displaced during RF. The signifi- 
cance of such changes is uncertain although they have been 
ascribed to causes unrelated to periodic feeding [2, 5, 10, 11]. 
However, given the general stability of free-running rhythms 
[17], such changes suggest at least the possibility that the 
underlying pacemaking systems are coupled. If this is the 
case, it remains to be explained why RF typically fails to 
synchronize the free-running activity rhythm of rats. 

One factor which influences the synchronization between 
oscillators is the similarity of their periods [15]. If the cou- 
pling between the pacemakers is weak, the difference be- 
tween the period of the free running rhythm (7) and that of 
the imposed feeding schedule (T) may be too large to induce 
synchronization. In support of this notion, we have observed 
several instances of apparent synchronization to RF (T=24 
hr) in rats with tr very close to 24 hr (unpublished observa- 
tion). However, synchronization to a 24 hr schedule does not 
exclude the possibility that the free-running rhythm was syn- 
chronized by some other uncontrolled 24 hr cue. In addition, 
in a number of earlier studies, including our own, pre-RF 
baselines were too short to rule out changes in 7 due to 
aftereffects, or post-RF baselines were insufficient to ob- 
serve a stable free-running rhythm which could be unambig- 
ously distinguished from persisting activity related to food 
access. 

The present study was designed to minimize such prob- 
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TABLE | 


PERIOD OF THE FREE-RUNNING RHYTHM (7), PERIOD OF FOOD 
ACCESS (T) AND CHANGES IN PHASE (A¢) 





Rat No. 48 40 41 44 





71-50 24.23 24.21 
765-115 24.38 24.29 
Zz 24.30 24.20 
t-T Y 0.08 0.09 
Ad* 13) -25 
7170-220 24.38 24.29 


Rat No. 39 43 34 42 





24.18 24.30 24.28 24.25 24.26 24.16 24.26 

24.28 24.37 24.45 24.50 24.50 24.15 24.42 

24.40 24.50 24.30 24.30 24.30 24.40 24.10 

—0.12 -0.13 0.15 0.20 0.20 -—0.25 0.32 

+2.5 0 =~S 0 =x, is =~). 90 
24.31 24.37 24.60 24.32 24.52 24.00 24.44 24.34 





*Phase displacement of the free-running rhythm from expected 
phase on the first day after restricted feeding. 


lems. The hypothesis that similarity of period plays a role in 
synchronization of the free-running rhythm by RF was tested 
in blind rats by individually adjusting the period of RF to be 
slightly shorter or longer than 7. Since neither T nor 7 were 
24 hr, other external cues should not play a role in syn- 
chronization. Rats were blinded 115 days prior to the intro- 
duction of RF to allow aftereffects on 7 to decay. Conse- 
quently, spontaneous changes in 7 should not affect the re- 
sults. Finally, rats were maintained in ad lib for 42 days after 
RF to permit a reliable assessment of postrestriction 7 and 
phase of the free-running rhythm. 


METHOD 
Apparatus and Housing 


Sixteen male Sprague-Dawley rats weighing approx- 
imately 250 g were blinded by orbital enucleation under ether 
anesthesia. They were then housed individually in sound at- 
tenuated chambers. Each box contained an activity wheel 
and a small cage equipped with a contact drinkometer and a 
contact eatometer. Wheel revolutions, licks and contacts 
with the grid on the food hopper were monitored con- 
tinuously by computer. Cumulative counts were stored on 
disk every 10 min. Food access was regulated by means of a 
motorized sliding door under computer control. Food (lab 
chow) and water were replenished at 4 or 5 day intervals and 
the waste bins were changed about every two weeks. These 
maintenance procedures were performed at irregular times 
of day. 


Procedures 


All rats were on ad lib food and water for 115 days. For 15 
rats food access was then limited to 4 hr/cycle for 52 con- 
secutive days. The period of food access was adjusted for 
individual rats to differ from the period of the free-running 
rhythm by 0.05 to 0.30 hr (see illustrations and Table 1). One 
rat remained on ad lib feeding and all rats had water ad lib 
throughout the experiment. During the last 42 days of the 
experiment all rats were on ad lib food and water. 
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FIG. 1. Double plotted event record of wheel running. Horizontal 
time scale is 48 hr and each 24 hr day is repeated for continuity. T 
indicates the period of restricted food access (4 hr/cycle) shown by 
enclosed lines. Tau is the period of the free-running rhythm esti- 
mated from regression line drawn through activity onsets between 
Days 65-115. Backward extrapolation shows decay of after effects 
and forward extrapolation shows phase displacement of the free- 
running rhythm during restricted feeding. 


Data Analysis 


Event records of activity, drinking and eating were dou- 
ble plotted at a resolution of 30 min (see Fig. 1). The period 
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FIG. 3. Double plotted activity records for 6 rats. For explanation see Figs. 1 and 2. 
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FIG. 4. A. Period of the free-running rhythm (7) before and after 
restricted feeding (RF). B. Period after RF (7) vs. period of food 
access (T). C. Phase displacement of the free-running rhythm during 
RF vs. T-r. D. Absolute phase displacement during RF vs. incident 
phase angle difference (activity onset to food access on Day 1 of 
RF). + and — indicate T > +, T < 7, respectively. = indicates phase 
advances. 


of the free-running rhythm was estimated from a line drawn 
through the onsets of events. Tau was estimated for Days 
1-50, 65-115 (SO days pre-restricted feeding) and 168-210. 
Within animals, estimates of r based on the 3 different meas- 
ures were virtually identical. Since the regression lines could 
be drawn with an accuracy of better than | hr over 50 days, 


the precision of the average 7 was at least 0.02 hr/cycle. To 
aid visualization of changes in 7, the records shown in Figs. 2 
and 3 are replotted at a day length corresponding to the 
period of food access. 


RESULTS 


Baseline 


During the first 50 days after blinding 15 of 16 rats dis- 
played a gradual increase in +r. The average 7 during this 
phase of the experiment was 24.22 (+0.02 SEM). 7 was very 
stable, between Days 65 and 115, indicating that aftereffects 
no longer had a measurable influence on the free-running 
rhythms (see Fig. 1). Table 1 shows 7 for individual rats and 
the average for the group was 24.35 hr (+0.03 SEM). 


Restricted Feeding 


In general, anticipatory activity developed relatively late, 
although all but 2 of 15 rats (R34, Fig. 2; R38, Fig. 3) dis- 
played consistent anticipation during the last 35 days of re- 
stricted food access. For rat R34 (Fig. 2) food access over- 
lapped extensively with the free-running rhythm so that it 
was difficult to distinguish the two rhythms. Rat R38 (Fig. 3) 
displayed a very unusual pattern of anticipation in that the 
end component of the free-running rhythm appeared to shift 
toward food access to become anticipatory activity. This 
band of activity may have delayed through food access and 
produced a second segment of anticipation during the last 11 
days of RF. Anticipation was also unusual for rat R48 (Fig. 3) 
in that the onset was quite irregular. The duration of 
anticipatory activity in this rat ranged from | to 6 hr. Fur- 
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thermore, a considerable amount of activity extended into 
the food access period with some correlation between varia- 
tions in onset and end of activity. Finally, bands of activity 
following food access are suggestive of beats. For the re- 
maining rats, the appearance and persistence of anticipation 
did not appear to be systematically influenced by T, or by the 
phase angle of the free-running rhythm relative to food ac- 
cess. 

On the other hand, restricted feeding resulted in changes 
in 7 or phase of the free-running rhythm in 13 of the 15 rats. 
Table 1 shows 7 before and after restricted feeding. Since the 
period of the free-running rhythm during restricted feeding 
could not always be assessed directly (due to a reduction in 
activity, a change in the activity pattern, or transients) phase 
displacement of the rhythm from the expected phase on the 
first day of return to ad lib was quantified instead (Table 1). 
In cases where the free-running rhythm was not visible or 
unstable for a number of days after return to ad lib (e.g. , R48, 
Fig. 3), the phase of the post RF free-running rhythm was 
estimated by backward extrapolation from a later segment of 
the record to the first ad lib day. Event records of drinking 
were also used to improve the measurement of phase dis- 
placements. For most rats, phase could be estimated with an 
accuracy of 0.5 hr. 

For 3 rats, 7 assumed a period nearly identical with that of 
restricted feeding, producing apparent synchronization of 
the free-running rhythm by food access (R44, R45, R35, Fig. 
2). Furthermore, for these rats post-restriction remained 
close to T for over 40 days. The difference between T and + 
in these rats was 0.1 hr or less. The initial phase angle differ- 
ence between the free-running rhythm and food access was 
also similar in these rats, i.e., the onset of the free-running 
rhythm was 5 hr or less after food access. However, for rat 
R39 (Fig. 3) despite an initial phase angle difference similar 
to that of R44 (Fig. 1), the phase and period of the free- 
runnnng rhythm appeared totally unaffected by RF. 

Among the remaining rats, the most common effect of RF 
was a phase displacement of the free-running rhythm without 
producing synchronization (Table 1). Figure 3 (top) shows 3 
rats with large phase delays of the free-running rhythm. 
Overall, of the 15 rats exposed to RF, the free-running 
rhythm was phase delayed in 11 rats, phase advanced in 2 
rats (R36, R42, Fig. 3), and no measurable change was ob- 
served in 2 rats (Table 1, Fig. 3C and D). Within the accuracy 
of measurement, no significant change in 7 or phase could be 
detected for the animal which remained on ad lib. 


Postrestricted Feeding 


Postrestriction 7 for all rats is shown in Table 1. For 4 rats 
exposed to RF and for | ad lib rat, postrestriction 7 deviated 
less than 0.02 hr from prerestriction 7, i.e., the change was less 
than the error of measurement. The average 7 for the group 
was 24.37 hr (+0.04 SEM). 

All 9 rats which increased 7 following RF had also shown 
a phase delay during RF. However, 3 rats which displayed a 
phase delay during RF resumed prerestriction 7 in ad lib 
(Table 1). For 2 rats which decreased 7 the change occurred 
clearly after rather than during RF (R34, Fig. 2; R42, Fig. 3). 
In R34, this change was also accompanied by alpha com- 
pression, but alpha could not be determined for R42 because 
of the severe disruption of the free-running rhythm. 

As shown in Fig. 4 (panel A), postrestriction rt was highly 
correlated with prerestriction 7 (r=0.81, p<0.002). With the 
exception of the 4 rats shown in Fig. 2, postrestriction 7 was 
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FIG. 5. Average wheel revolution per cycle for the last 10 days 
pre-RF, first and last 10 days of RF and Days 5-15 post-RF. 
Squares—group average; closed circles—high baseline activity; 
open circles—low baseline activity. 


not systemically affected by the period of the feeding 
schedule (Fig. 4, panel B; r=0.02), nor was the change in 
tT (pre- vs. post RF) correlated with 7-T (r=0.09). This indi- 
cates that T and T-7 did not have a systematic aftereffect on r. 

Overall, it was difficult to determine whether the amount 
of phase displacement observed during RF depended on the 
difference between 7 and T (Fig. 4, panel C; r=—0.40, NS). 
Although the largest phase shifts are evident when T-7 is 
small, at least in part, this may be a consequence of the 
narrow range of differences tested. Nevertheless, it is clear 
that for a particular difference, a wide range of phase dis- 
placements are possible. On the other hand, there was a 
significant correlation between the initial phase angle differ- 
ence and the absolute amount of phase displacement (Fig. 4, 
panel D; r=0.47, p<0.05). This relation was slightly im- 
proved when only phase delays were considered (r=0.54, 
p<0.05). 


Activity Levels 


In order to quantify changes in activity levels associated 
with RF, the average number of wheel revolutions per cir- 
cadian cycle was computed for the last 10 days of baseline, 
the first and last 10 days of RF and Days 5-15 of postrestric- 
tion. On the average, RF was associated with a substantial 
reduction in activity (Fig. 5). However, post-hoc separation 
of rats which displayed high levels (>1000/cycle) and low 
levels (<1000/cycle) of wheel running prior to RF indicates a 
large drop in the former and a small increase in the latter 
group (p<0.05, Wilcoxon matched pairs test). During RF, 
the average activity per cycle was actually higher for the low 
level group. Post RF activity levels returned to baseline 
values for each group (Fig. 5). No systematic trend in the 
duration of anticipatory activity was observed. Based on 
event records and on activity profiles averaged over the last 
10 days of RF, durations were between 3 and 4 hr for all rats. 

The average number of licks and feeding responses per 
cycle during RF were reduced by 25 percent and 50 percent, 
respectively, compared to the last 10 days of baseline. Both 
measures returned to or slightly exceeded baseline during 
days 5-15 of post-RF. 


DISCUSSION 
Period Differences 


Although apparent synchronization of the free-running 
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rhythm to periodic feeding was observed in 3 rats and T-r 
was 0.1 hr or less in these animals, it is clear that similarity of 
period by itself does not induce synchronization. In particu- 
lar, synchronization did not occur in other rats despite 
equally small or even smaller differences between periods 
(e.g., R48, Fig. 2). On the other hand, no instance of syn- 
chronization has been reported for rats where T-r exceeds 12 
min. Thus, unless the observed synchronization was due to 
coincidental changes in 7, it appears that similarity of period 
may increase the probability of synchrony. In terms of the 
expected behavior of coupled oscillators, this is hardly sur- 
prising [15]. Rather, the failure to observe synchrony in 
many instances despite small period differences suggests 
that these two circadian pacemaking systems lack sufficient 
coupling strength for mutual entrainment. In contrast, each 
system is capable of being entrained by their respective 
Zeitgeber over a considerable range of periods (23 to 26 hr 
for light, 23 to 30 hr for food; [2, 5, 27, 28]). 

Despite the low incidence of synchronization, the present 
results, as well as those of earlier studies [2, 5, 7, 8, 10, 11], 
show that the pacemakers are not entirely independent. In 
particular, the observed changes in 7 or phase displace- 
ments from the expected phase upon return to ad lib feeding 
occur so frequently and are of such a magnitude in some rats 
to all but rule out explanation in terms of aftereffects of 
**spontaneous’’ changes in 7. Although spontaneous changes 
and aftereffects occur [17], in this study no rat showed a 
measurable change in t between Days 65 and 115, i.e., prior 
to RF. Furthermore, the ad lib fed rat, as well as 2 rats 
exposed to RF, did not change 7 throughout the experiment. 
In contrast, the observed changes in other rats were some- 
times greater than those required to achieve synchroniza- 
tion. 


Phase Angle Difference () 


Depending on the characteristics of oscillators synchroni- 
zation may occur only at particular phase relationships. For 
example, in hamsters maintained in LL, the split limbs of the 
activity rhythm generally phase lock at 180° [19]. Further- 
more, for biological (and other) rhythms, it is well known 
that the phase angle of entrainment depends on the sign of 
the difference between T and 7 [18]. In the present study, & 
was not explicitly controlled. Since the ‘‘optimal’’ w which 
might favor synchrony is unknown, a variety of phase angles 
differences at the initiation of RF were sampled. A weak but 
significant correlation emerged between w and the amount of 
phase displacement of the free-running rhythm, such that a 
small & resulted in stronger effects on 7. On the other hand, 
the amount and direction of phase displacements could not 
be shown to depend on T-7, at least within the range sam- 
pled. 

In the present study 11 of 13 rats with detectable phase 
changes showed a ‘“‘phase delay”’ (i.e., deceleration of the 
pacemaker). A similar tendency has been noted in earlier 
studies [2,5]. Acceleration seems to have occurred in a study 
with long period RF (T=27 [2]). These accelerations are 
most noticable when the free-running rhythm crosses food 
access, i.e., when w& is small. 

In the absence of synchronization, deceleration of the 
pacemaker primarily seems to occur when T<z (e.g., R48, 
R38, R47, Fig. 3). This is also the case when T=23.5 [2]. 
However, some exceptions can be noted in this as well as in 
earlier work [2]. Consequently, neither T-7, nor % completely 
predict the observed effects of RF on the free-running 
rhythm. 





INTERACTIONS BETWEEN CIRCADIAN RHYTHMS 


Miscellaneous Effects 


Although overall levels of activity during RF may in- 
crease or decrease depending on baseline levels, activity 
associated with the free-running rhythm alone invariably de- 
creases. This effect often makes it difficult to ascertain the 
period and phase of the free-running rhythm during RF. The 
decrease in activity or its disappearance does not mean that 
the underlying pacemaker has been affected since the 
rhythm may resume without changes in 7 or phase upon 
return to ad lib conditions (e.g., R39, Fig. 3). Rather, it ap- 
pears that both pacemakers compete for control over activ- 
ity, so that activity can become temporarily decoupled from 
one or the other pacemaker. Such decoupling also seems to 
provide the explanation for the rapid disappearance of 
anticipatory activity in ad lib conditions, since the activity 
related to RF reappears when rats are food deprived even 
after several weeks of intervening ad lib feeding [6,22]. 

Persistence of the feeding entrainable pacemaker may 
also account for some ‘‘aftereffects’’ of RF on r. In the 3 rats 
which showed synchronization, postrestriction 7 was nearly 
identical with T for 42 days. In one rat (R34, Fig. 2), 7 did not 
change during RF but rather changed abruptly upon return to 
ad lib where the rhythm free ran with period close to T. This 
rat also showed initial alpha compression in ad lib. A similar 
effect appears in ({10], Fig. 2C). In an earlier paper, post RF 
t also has a value close to T for about 10 days in 2 rats; 
however, the authors interpret this effect as persistent 
anticipatory activity ({10] Fig. 3, Rats 7,13). However, for 
most rats post RF 7 was not correlated with T, or with T-r. 
Consequently, the change in 7 for these rats cannot be re- 
garded as an aftereffect of RF. 

In a few rats, anticipatory activity does not seem to arise 
de novo, but rather seems to be related to the free-running 
rhythm. In R38 (Fig. 3), the terminal band of a trimodal 
activity pattern drifted toward RF and may have actually 
phase delayed across food access. In other rats (e.g., R44, 
R45, Fig. 2; R48, Fig. 3) an advancing band of activity ap- 
pears to emerge from the onset component of the free- 
running rhythm. In addition, one (R44, Fig. 2) or two (R42, 
Fig. 3) components of activity may disappear selectively dur- 
ing RF. Although some of these effects may be due to un- 
coupling or masking [2, 10, 11], an alternative hypothesis is 
that individual activity components reflect the phase of sub- 
oscillators within a multioscillator organization of the circa- 
dian system. Consequently, some of these putative suboscil- 
lators may be pulled into phase with RF while others are not 
sufficiently affected to become synchronized. However, to 
the extent that their phase or period may be influenced by 
RF, these changes may produce the observed phase dis- 
placements in the free-running rhythm. 


General Conclusions 


The present results, as well as those of earlier studies [2, 
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5, 10, 11, 14], indicate that synchronization of the free- 
running rhythm to RF is infrequent and may be limited to 
instances where the difference between their respective 
periods is small and to a particular range of phase angle 
differences. Nevertheless, the results indicate that these two 
circadian systems are not functionally independent, i.e., 
some coupling exists between the pacemakers. This coupling 
is more likely to be expressed as relative coordination be- 
tween the two rhythms rather than entrainment. In agree- 
ment with the results of the present study, three cases of 
relative coordination and one case of apparent synchroniza- 
tion of temperature and activity rhythms by periodic 
intragastric feeding in the squirrel monkey have recently 
been reported [1]. The general results observed in this study 
could readily be simulated with a coupled oscillator model, 
essentially identical to that described by Kronauer, 
Czeisler, Pilato, Moore-Ede and Weitzman [13], by assum- 
ing that (a) 7 of the feeding entrainable oscillator (FEO) is 
about 0.5 hr longer than 7 of the light-entrainable oscillator 
(LEO) and (b) the coupling strength of LEO to FEO is twice 
that of FEO to LEO. Both of these assumptions are compat- 
ible with empirical evidence. The asymmetry of entrainment 
limits and transients [27,30] suggest a long 7 for the FEO and 
it has been shown that the ‘‘free-running’’ rhythm of 
anticipatory activity can be phase shifted by exposing 
animals to a phase shift of the LD cycle [22]. 

When t:.e model FEO was entrained by a Zeitgeber for 50 
cycles, the LEO became synchronized when T was 0.1 hr 
longer than 7LEO and when the FEO phase lagged the LEO by 
about 16 hr. At other phase positions, with weaker cou- 
pling, and with larger T-7 differences relative coordination 
occured. Acceleration and deceleration of the LEO was 
most pronounced when & was small. Perhaps the most inter- 
esting result of the simulation was that omission of the 
Zeitgeber produced eventual synchronization at the same 
as in the presence of a Zeitgeber for the FEO. In the steady 
state, 7 LEO was increased by 0.1 hr and FEO was de- 
creased by 0.4 hr (because of the asymmetrical coupling). 
This suggests that synchronization may depend on a narrow 
range of parameters (taus and coupling strengths) that permit 
phase locking at the ‘‘resonance frequency”’ of the system. 
While the model is undoubtedly oversimplified, it neverthe- 
less indicates that the observed results are generally compat- 
ible with the expected interactions between two weakly 
coupled oscillating systems. 

Based on the empirical results and the simulations the 
following conclusions are suggested: (a) The two underlying 
pacemaking systems are not functionally independent; (b) 
The coupling between the pacemaking system is quite weak 
and may be asymmetrical; (c) Synchronization of the free- 
running rhythm may occur only when the period of RF coin- 
cides with the resonance frequency of the system of coupled 
oscillators. 

Whether or not this proposed explanation is correct can 
only be established by further empirical testing. 
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MANY insectivorous bats conserve energy by allowing their 
heat production and body temperature to decrease with am- 
bient temperature [28]. While this energetic strategy is effec- 
tive under most circumstances, pregnancy and lactation 
present an increased energetic challenge that may either 
preclude homeothermy because of its metabolic cost or 
necessitate homeothermy to allow successful reproduction. 
Studier [26] suggested that bats should reduce their body 
temperature in late pregnancy to conserve the metabolic en- 
ergy needed for fetal growth. However, fetal growth is re- 
tarded if mothers do not maintain a high body temperature 
[19, 21, 30). 

Lactation is an even greater energetic challenge than preg- 
nancy [23]. Studier [26] has argued that in bats maintenance ofa 
high body temperature during lactation would impose a greater 
drain on metabolic capacity than during pregnancy. Conse- 
quently, homeothermy would be even less likely during lac- 
tation than during pregnancy. Studier [25] found that more 
than half of the lactating Myotis lucifugus and M. thysanodes 
tested became heterothermic. Similarly, captive pregnant 
and lactating M. lucifugus were less likely to enter torpor 
than were postlactating animals [24]. Other workers reported 
that lactating Myotis are usually homeothermic [21,29]. If 
homeothermy is necessary for these bats to reproduce suc- 
cessfully, it seemed curious that they did not consistently 
defend their body temperature. We therefore determined 
whether homeothermy was reliably defended by another 
species, the pallid bat (Antrozous pallidus). 

Pallid bats are insectivores found throughout western 
North America. The females are inseminated in October and 
store sperm in their reproductive tracts until ovulation oc- 
curs in April [17]. Each female gives birth to 2 young in May 





or June. During the spring and summer, pregnant and lactat- 
ing bats are found in maternity colonies consisting of 20 to 
200 animals in caves or the attics of buildings [6]. 


EXPERIMENT 1 


We studied pregnant pallid bats first to determine 
whether they would maintain a high body temperature and 
heat production at a relatively warm ambient temperature 
(28°C). Data were collected during the night, when they are 
active, and during the day when they rest. 


METHOD 


Pregnant pallid bats were collected from Napa, Califor- 
nia, on May 25, 1984. The bats were group-housed in stain- 
less steel cages (654834 cm) at 28°C with an LD 14:10 
photoperiod (lights on 0800 hr PDST) and were fed meal- 
worms (larvae of Tenebrio molitor) ad lib. Water was con- 
tinuously available in plastic dishes. Ambient temperature 
was 28°C, which is near the thermoneutral zone of non- 
lactating pallid bats [28]. 

Body temperatures of pregnant animals were recorded at 
1900 hr on May 27, 1300 hr on June 3 and June 10. The 
temperatures were recorded with a telethermometer (YSI 
No. 43) by placing thermistor (YSI No. 423 or No. 402) 0.5 
cm into the colon while the bat was held still. 

Dry heat loss was measured as a reflection of heat pro- 
duction. Bats were placed in a gradient layer calorimeter 
(Model SEC A 0601, Thermonetics), with an air-tight 
chamber (15.2 15.2 15.2 cm) maintained at 28°C in an en- 
vironmental chamber (Jordan). Direct calorimetry produces 
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FIG. 1. Mean body temperature of pregnant pallid bats. Sample size 
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a more rapid response than indirect calorimetry as measured 
by oxygen consumption [8]. Stable measurements of heat 
loss in pallid bats were reached within 30 minutes and were 
comparable to those of animals tested for 2 hours or longer. 
Thirty-min metabolic tests were conducted on 5 pregnant 
bats during the light (between 0800-1700 hr) and dark 
(1200-0400 hr) phases of the photoperiodic cycle. Bats were 
weighed and had body temperatures taken before and after 
each test. Bats had been provisioned with mealworms ad lib 
and were probably not postabsorptive during testing. 


RESULTS 


All of the females gave birth between May 27 and June 18, 
1984. We therefore had taken maternal temperature and heat 
loss data 1-3 weeks before parturition. Body temperatures of 
the pallid bats were well above ambient temperature 
throughout pregnancy (Fig. 1). Moreover, these body tem- 
peratures were maintained during the 30-min metabolic test 
during the night and fell slightly, but not significantly, during 
the day (Fig. 2A). There were no significant differences in 
heat production during the light and dark portions of the day 
(Fig. 2B). 


DISCUSSION 


Pregnant pallid bats were homeothermic in a warm am- 
bient temperature. Our results were consistent with Stones’ 
[24] observation that pregnant Myotis lucifugus maintained 
high body temperatures. It is possible, though, that pregnant 
pallid bats would abandon homeothermy before non- 
pregnant bats at cooler ambient temperatures. 


EXPERIMENT 2 


We next determined whether pallid bats continue to main- 
tain a relatively high body temperature when they are lactat- 
ing. Since mothers are active at night and inactive during the 
day, and since the area in which they rear their young is cool 
at night and warm during the day [14,15], we determined 
whether maternal temperature and heat production change 
with time of day and ambient temperature. Since a thermo- 
regulatory unit composed of a mother with her young 
enveloped in hers wings would be expected to retain heat 
more efficiently than either mother or young alone, we tested 
mothers with and without their young. 
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FIG. 2. A. Mean pre-test (in) and post-test (out) body temperatures 
of pregnant pallid bats measured during the light and during the 
dark. B. Mean metabolic rate (cal/sec/g body weight) of pregnant 
pallid bats. 


METHOD 


Fourteen lactating bats were tested at 2 weeks 
postpartum at either 14°C (n=6) or 28°C (n=8) in the follow- 
ing sequence: a mother with its pup(s), 1-2 pups alone and 
then mother alone. Nine surviving lactating bats were re- 
tested at 5 weeks postpartum. Pup metabolism is described 
in Experiment 3. 

Since all but one of the pallid bats collected in late May 
gave birth in the laboratory within a span of 2 weeks, 4 
unsuccessful mothers that had their pups die within 3 days of 
parturition were tested to determine whether there are sea- 
sonal influences on metabolism that are independent of lac- 
tation. Milk could still be expressed from the nipples of these 
females at 2 weeks postpartum, although lactation ceased by 
3-4 weeks postpartum. These animals were maintained at 
28°C under the same conditions as described in Experiment 1. 


Analyses of variance (2X2) and two-tailed t-test for inde- 
pendent groups were used to assess the significance of the 
differences between groups and two-tailed t-tests for de- 


pendent samples were used to determine light-dark differ- 
ences. 


RESULTS 
Early Lactation: 2 Weeks Postpartum 


Body Temperature. Mother bats maintained their core 
temperatures above ambient temperature both when they 
were in 28°C and 14°C (Figs. 3A and 3B). Night-time body 
temperatures of mothers without pups recorded in 28°C were 
higher than their daytime body temperatures, F(1,10)=7.55, 
p<0.05 (Fig. 3A). The mean body temperature of unsuc- 
cessful mothers was actually higher than that of successful 
mothers, F(1,10)=5.09, p<0.05 (Fig. 3A). 
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FIG. 3. A. Mean pre-test (in) and post-test (out) body temperatures measured during the light and dark of unsuc- 
cessful mothers and mothers tested with and without their pups at two weeks postpartum at 28°C ambient 
temperature. B. Mean pre- and post-test body temperatures at 14°C ambient temperature. C. Mean metabolic rates 
(cal/sec/g body weight) at 28°C ambient temperature. D. Mean metabolic rates (cal/sec/g body weight) at 14°C 


ambient temperature. 


Calorimetry. All bats tested at 14°C had significantly 
higher rates of heat loss than bats tested at 28°C (p<0.01; 
Figs. 3C, 3D). When ambient temperature decreased, me- 
tabolism increased in mothers (tested singly, 
F(91,12)=22.54, p<0.01, or with their pups, F(1,12)=28.05, 
p<0.01) as in unsuccessful mothers (during the light, 
t(3)=7.29, p<0.01, and during the dark, #(3)=6.79, p<0.01). 
Metabolic rates of mothers tested alone in 14°C were higher 
during the day than at night, #(5)=2.99, p<0.03 (Fig. 3D). 


Mid-Lactation: 5 Weeks Postpartum 


Animals were tested at 5 weeks postpartum to determine 
if their metabolism had changed from what was observed 2 
weeks after parturition. Nine mother bats survived to be 
tested at 5 weeks postpartum. Five bats were tested at 28°C 
and 4 were tested at 14°C. The small sample size may have 
contributed to the high variability (Fig. 4). 

Body temperature. Initial body temperatures of mothers 
tested individually at 14°C were higher during the night than 
during the day, #(3)=3.45, p<0.04 (Fig. 4B). There were no 
other significant differences. 

Calorimetry. As at 2 weeks, all bats tested at 14°C had 
higher rates of heat loss than those tested at 28°C (Figs. 4C 
and 4D). There were no other significant differences. 


DISCUSSION 


Both lactating and non-lactating pallid bats defended their 
body temperatures in cool as well as warm ambient tempera- 
tures. As would be expected of a homeotherm, metabolism 
was substantially increased (by about 200%) in a cool am- 
bient temperature. 

Pre-test body temperatures were higher at night than dur- 
ing the day for mother bats tested alone. Since pallid bats 
consume 85% of their food at night, this nocturnal feeding 
pattern could have been partially responsible for the higher 
body temperatures observed at night (Beasley and Leon, 
unpublished observations). A day-night difference in 
metabolic response to a cold stress was found only when 
mothers were tested individually at 2 weeks postpartum. 
Bats had higher body temperatures and could defend these 
body temperatures more efficiently during the night, when 
they are normally active, than during the day, when they are 
normally inactive. 


EXPERIMENT 3 


Bat pups are typically left in clusters while the adults 
forage [6,17]. Pallid bats return to nurse their young between 
the dusk and pre-dawn foraging periods [18]. Clustering 
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FIG. 4. A. Mean pre-test (in) and post-test (out) body temperatures measured during the 
light and dark of mothers tested with and without their pups at five weeks postpartum at 
28°C ambient temperature. B. Mean pre- and post-test body temperatures at 14°C am- 
bient temperature. C. Mean metabolic rates (cal/sec/g body weight) at 28°C ambient 
temperature. D. Mean metabolic rates (cal/sec/g body weight) at 14°C ambient tempera- 


ture. 


helps the juvenile Myotis to retain heat [11], thereby facilitat- 
ing pup growth [14]. Clusters of pallid bats were also found 
to be more efficient metabolically than singletons; clustering 
bats exhibited lower metabolic rates and weight loss than 
individual bats [28]. Since the metabolism of very young 
pallid bat pups has not, to our knowledge, been studied, we 
determined whether clusters of bat pups retained heat more 
efficiently than individual pups. Pups in a cluster of 8 were 
therefore tested for their ability to retain heat and were com- 
pared to singletons and pairs. 


METHOD 


Immediately after metabolic tests with their mothers (de- 
scribed in Experiment 2), each sibling group of pup(s) (1 or 2) 
were tested at 14°C and 28°C. In addition, 2 clusters of 8 pups 
were tested at 2 times (1 cluster at 2 and 6 weeks of age and 
the other cluster at 3 and 7 weeks) at 14°C and 28°C to de- 
termine the relative efficiency of large clusters in retaining 
heat. Heat loss of singletons and pairs were compared with 
the heat loss of the mother to examine the relative maturity 
of the juvenile thermoregulatory system. Two-week-old pallid 
bat pups can defend a warm body temperature at 24°C [6]. 


RESULTS 
Two-week-old pups lost more heat during the light phase 
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FIG. 5. Mean metabolic rate (cal/sec/g body weight) of pups tested 


with and without their mothers during the light and dark at 28°C 
ambient temperature at 2 and 5 weeks of age. 


Metabolic Rate (cal /sec/g body wt.) 








1 Pup 


at a warm ambient temperature (28°C), when they were alone 
or with 1 other pup than when they were tested with their 
mothers, F(1,10)=14.86, p<0.01 (Fig. 5). This was not true, 
however, for five-week-old pups. Only a few pups were 
tested in a cool ambient temperature because 3 of 6 pups 
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FIG. 6. Mean metabolic rate (cal/sec/g body weight) of groups of 1, 2 or 
8 pups measured during the light and dark at 14°C ambient tempera- 
ture. Measurements were taken at 2-3 and 5-7 weeks of age. 


exposed to 14°C, whether singly or with a sibling, died a few 
days later. At a cool ambient temperature (14°C), clusters of 
two-week-old pups appeared to be more metabolically effi- 
cient in the light than either singletons or pups clustered with 
their sibling (Fig. 6), although the small sample size pre- 
cluded statistical analysis. 


DISCUSSION 


The metabolic efficiency of two-week-old pups was im- 
proved by clustering with their mother. In a warm ambient tem- 
perature, pups alone had higher rates of heat loss than when 
tested with their mother. Indeed, isolated young were unable 
to deal with even a brief exposure to the cold without their 
mother. Large clusters of pups helped decrease the rate of 
heat loss. In many species of bats, mothers leave their young 
in clusters during nocturnal foraging bouts [9] and it is 
possible that the availability of these clusters is one of the 
major benefits of coloniality in insectivorous bats. 


EXPERIMENT 4 


Given the opportunity, bats may select a warm microcli- 
mate and thereby reduce the metabolic costs of 
homeothermy. There are steep thermal gradients in the barn 
roofs in which pallid bats typically rear their young and areas 
of high temperatures (39-41°C) seem to be preferred during 
lactation [15]. There are, however, alternate interpretations 
of these field data. Pallid bats may, for example, move to 
areas of their environment that are less accessible to pred- 
ators and that are only coincidentally warm. We therefore 
determined whether they would seek out warm areas in a 
relatively constant laboratory environment. Since lactating 
bats may prefer a different thermal environment during the 
cool night than during the warm day, we observed their 
thermal preference during both the day and night. 


METHOD 


Thermal preference was assessed in a thermocline, which 
was made by enclosing a 0.4 cm thick copper sheet 
(60x 10x 17.5 cm) with Plexiglas. Electric heating tape was 
attached to the copper floor at one end and the other end was 
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FIG. 7. Mean preferred floor temperature for unsuccessful mothers 
and mother with pups tested during the light and dark. 
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pallid bats with melatonin implants and bats with empty capsules 
during the light and dark during August, September, November and 
December at 6°C ambient temperature. 


submerged in ice. The surface temperature of the copper 
floor was 14-17°C at the cold end and 29-32°C at the warm 
end. Water and mealworms were provided only in the cold 
end because the worms die when exposed to heat. Data from 
3 animals which avoided contact with the copper floor were 
excluded. Nine mother bats were tested with their young for 
24 hr at 2 weeks postpartum and 6 surviving mothers and 
young were tested at 5 weeks postpartum. Three unsuc- 
cessful mothers were tested at 2 weeks postpartum. Move- 
ment within the thermocline was recorded with a low-light 
videotaping system for 6 hr under dim light during the dark 
phase (2200-0400 hr) and for 6 hr during the light portion 
(between 0800-1700 hr). 


RESULTS 


Lactating bats with pups tested during the light and dark 
phases occupied the warmer end of the thermocline at 2 
weeks postpartum whereas unsuccessful mothers occupied a 
cooler portion of the thermocline (Fig. 7). During the day, 
lactating mothers with pups selected a warmer temperature 
than the successful mothers, F(1,10)=96.25, p<0.0001. 


DISCUSSION 
While both lactating and non-lactating females defended a 
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FIG. 9. Mean per gram metabolic rate (cal/sec/g body weight) and 
absolute metabolic rate (cal/sec/bat) of post-lactating bats during the 
light in August and September at 6°C ambient temperature. 


relatively high body temperature, it appears that the lactating 
females use both behavioral and physiological means to do 
so. Use of environmental warmth to maintain a high body 
temperature may conserve the calories needed to support 
milk production. The use of behavioral thermoregulation 
may be particularly important among species that require 
seasonal or daily changes in their body temperature. For 
example, white suckers (Catostomus commersoni) exhibit 
diel and seasonal cycles of behavioral thermoregulation [13]. 


EXPERIMENT 5 


In Experiment 2, we found that non-lactating, as well as 
lactating females defended a high body temperature during 
the reproductive season. It seemed possible that pallid bat 
females may normally manifest a seasonal shift to 
homeothermy that is not directly tied to pregnancy or lacta- 
tion. Since reproduction usually occurs in phase with this 
shift in thermal strategy, females would be homeothermic 
during reproduction. 

Seasonal events that are stimulated by daylength have 
been associated, at least in some species, with changes in the 
secretion of the pineal hormone, melatonin [5]. The pineal 
gland is stimulated in animals exposed to cold ambient tem- 
peratures and/or short photoperiods [20,22]. Indeed, the 
administration of exogenous melatonin affects the incidence 
of spontaneous daily torpor in Peromyscus leucopus [16] and 
the capacity for nonshivering thermogenesis in Phodopus 
sungorus [10]. 

The circannual reproductive and body weight cycles of 
male pallid bats also can be influenced by photoperiod [2,3]. 
Furthermore, melatonin treatment mimicks the influence of 
short days on the reproductive system [4]. Exposure to short 
photoperiods or treatment with melatonin accelerates the 
autumnal testicular regression and body weight increase. 
However, pallid bats maintained in long photoperiods man- 
ifest the same changes | month later. 

We considered the possibility here that thermoregulatory 
behavior and metabolism in pallid bats also are organized by 
a similar endogenous, possibly circannual, mechanism and, 
as a first step, examined animals during the summer and fall. 
Specifically, we predicted that there would be an endoge- 
nous change from homeothermy to heterothermy in the fall. 
In addition, we hypothesized that an autumnal increase in 
melatonin titers would mediate such a shift in thermal strat- 
egy. Thus, we also predicted that a shift from homeothermy 
to heterothermy would be accelerated by melatonin implants 
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FIG. 10. Mean body temperature of control and melatonin-treated 
females before (in) and after (out) a 4-hr exposure to a 6°C ambient 
temperature in October, November and December. 
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FIG. 11. Mean preferred floor temperature of control and 
melatonin-treated bats. 


in the late summer. To determine whether the females were 
becoming heterothermic, we exposed them to a cold thermal 
challenge and recorded their core temperatures. If their body 
temperature decreased in response to the cold, we consid- 
ered them to be heterothermic. 


METHOD 


Post-lactating females that had been collected on both 
May 25, 1984 and August 19, 1984 were used in this experi- 
ment. Bats were group-housed at 28°C with an LD 14:10 
photoperiod (lights on 0800 hr). 

Bats were tested in a gradient-layer calorimeter at an 
ambient temperature of 6°C in both the light and the dark on 
August 19-21 prior to surgery. On August 23, 1984, bats 
were implanted subcutaneously in the interscapular region 
with 30 mm Silastic capsules (Dow Corning Cor., Midland, 
MI; 1.4 mmi.d. x 1.95 mm o.d.) that were either left empty (8 
animals) or filled with melatonin (Sigma; 6 animals) to a 
length of 25 mm. All surgery was performed on animals 
anesthetized with a combination of ketamine (0.1 mg/kg), 
xylazine (0.013 mg/g) and acepromazine (0.002 mg/g). 
Wounds were closed with wound clips and treated with nit- 
rofurazone. Bats were tested in a gradient-layer calorimeter 
at an ambient temperature of 6°C during the dark and light 
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phases 5, 11 and 15 weeks after surgery (September 24-26, 
November 5-6 and December 3-4, 1984). 

We presented the bats with a severe challenge to their 
thermal stability by placing them in a relatively cold ambient 
temperature of 6°C for 4 hr. All bats had their body tempera- 
ture taken prior to cold exposure, as well as after 2 and 4 hr. 
Bats were individually housed in plastic cages (27x 17x12 
cm) and a different bat was handled every 4 min to minimize 
handling disturbances. Bats were subjected to the cold stress 
on October 4, October 26, November 16 and December 7. 
Data from October 26 was excluded from analysis because of 
the timer malfunction (October 22-28). 

These post-lactating bats (5 which had been treated with 
melatonin and 7 which had received empty capsules) were 
tested in the thermocline (as described in Experiment 3) 
without their offspring for 6 hr during the light phase on 
August 27-30, October 2-3 and December 10-13. Only water 
was provided in the cold end of each lane because, as noted 
above, pallid bats consume 85% of their food at night (Beas- 
ley and Leon, unpublished observations). 


RESULTS 
Calorimetry 


Melatonin treatment did not influence metabolic rate dur- 
ing either the day or the night during September, November 
and December (Fig. 8). Relative metabolic rate (cal/sec/g) in 
the dark was lower in September than August for both 
melatonin, #(5)=3.85, p<0.013 (Fig. 8) and control groups 
t(7)=2.84, p<0.024 (Fig. 8). Since all bats had experienced a 
body weight gain (mean body weight increase = 7.9 g), we 
examined metabolic rate per bat and found that it had re- 
mained constant between August and September (Fig. 9). 
There was a seasonal improvement in metabolic efficiency 
coincident with the increase in body weight. A day-night 
difference was found only in November when metabolism 
was higher during the light than the dark for control animals, 
t(7)=2.69, p<0.03 (Fig. 8; see discussion in Experiment 3). 


Cold Stress 


After 4 hours in the cold, melatonin-treated bats had body 
temperatures which were significantly lower than those 
which had empty capsules #(13)=2.28, p<0.04 (Fig. 10) in 
October. Melatonin-treated animals had a significant body 
temperature decrease, t(5)=5.72, p<0.003 (Fig. 10) whereas 
bats with empty capsules defended their body temperature 
(Fig. 10). By November, there were no differences between 
melatonin-treated and untreated animals (Fig. 10). Both 
melatonin-treated and control animals experienced signifi- 
cant decreases in body temperature after four hr in 6°C in 
November, /(13)=5.19, p<0.001 (Fig. 10) and December, 
t(13)=7.83, p<0.02 (Fig. 10). 


Thermocline 


There were no seasonal differences in thermocline behav- 
ior. Bats preferred the warm end of the thermocline in 
August, October and December (Fig. 11). 


DISCUSSION 


Pallid bats maintained in constant conditions (warm am- 
bient temperature, long days) had an increase in metabolic 
efficiency between August and September. The metabolic 
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cost/animal remained constant despite the fact that the bats 
were gaining a significant amount of body weight (December 
weight is 1.5 times August weight). For example, a 36 g bat 
in September had the same energetic cost as a 24 g bat in 
August. 

Melatonin may be involved in the seasonal shift in ther- 
moregulation, although melatonin treatment did not influ- 
ence metabolic rate per gram body weight. In early October, 
control animals maintained homethermy in the cold, whereas 
those treated with melatonin did not defend their body tem- 
perature under those conditions. By November, both groups 
had a heterothermic response to the cold. 

These results are consistent with the idea that there is a 
endogenous, possibly circannual, change in metabolism 
which can be accelerated by treatment with melatonin. 
However, it would be necessary to maintain animals for sev- 
eral years in order to determine whether thermoregulatory 
Status fluctuates circannually. It is also possible that the time 
in captivity may have influenced metabolism as it does in the 
phyllostomid bat, Artibeus jamaicensis [27]. It should be 
noted, though, that the melatonin-treated bats which exhib- 
ited a heterothermic response in October included animals 
which had been collected in August as well as in May. 

The 3-4°C decrease in body temperature may not be 
quantitatively equivalent to the heterothermy observed in 
nature because these animals were maintained in a warm 
ambient temperature (28°C) and provisioned with food ad lib. 
However, it is likely that the seasonal changes we observed 
are analogous to those in nature. The annual peak in body 
weight of captive pallid bats may be double that observed in 
the field but both peaks occur at about the same time [3]. 


GENERAL DISCUSSION 


It is a striking observation that pallid bats seek out warm 
areas despite marked endogenous seasonal changes in me- 
tabolism, thermoregulation, body weight, food intake and 
reproductive condition [1,3]. This apparently aseasonal pref- 
erence for warmth may reflect the primitive tropical origins 
of bats [12]. The successful invasion of the temperate zones 
by a limited number of chiropteran species has been coinci- 
dent with the evolution of strategies such as hibernation or 
migration to avoid the cold of winter. Pallid bats have been 
observed only sporadically during the winter ([17], Beasley, 
unpublished observations) and although there is no evidence 
that they migrate, it has not been established definitively 
where, or even if, they hibernate. If pallid bats do, in fact, 
occupy cool hibernation sites, some proximate environ- 
mental cue may be necessary to stimulate a seasonal change 
in thermal preference. 

Most chiropteran species inhabiting the temperate zones 
throughout the year copulate in the autumn and bear their 
young synchronously in the spring [31]. Birth synchrony 
allows colonial rearing of young, with clustering greatly in- 
creasing the survival probability during maternal feeding 
flights in cool nights. This strategy may have been a neces- 
sary prerequisite for successful invasion of the temperate 
zones by bats. The delayed ovulation observed in such spe- 
cies may facilitate synchronous production of young even in 
the absence of synchronous mating behavior. 

Although bats have a small body size, they have a long 
lifespan with low rates of fecundity. Since these factors are 
key elements of a model of environmental regulation of re- 
production recently proposed by Bronson [7], this order may 
provide a unique opportunity to test that model. 
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SULLIVAN, J. K. AND G. R. LYNCH. Photoperiod time measurement for activity, torpor, molt and reproduction in 
mice. PHYSIOL BEHAV 36(1) 167-174, 1986.—Resonance light:dark cycles (LD 6:18, 6:30, 6:42, or 6:54) were used to 
establish that a circadian rhythm of light sensitivity is involved in the thermoregulatory and reproductive responses to a 
short day photoperiod in the mouse, Peromyscus leucopus. A fifth group was maintained on the long day photoperiod of 
LD 16:8. After 19 weeks animals presented with LD 6:18 or 6:42 exhibited short day photoperiod responses: gonadal 
regression, incidence of spontaneous daily torpor and molt to the winter pelage. In contrast animals responded to LD 6:30 
and 6:54 as long day photoperiods: maintenance of gonadal system, no incidence of spontaneous daily torpor, and summer 
pelage. In a second study a T-experiment was conducted to determine that more than one circadian system may regulate 
these multiple photoperiodic effects. Mice were exposed to 1 of 8 LD cycles for 15 weeks (1:22.00, 1:22.25, 1:22.50, 1:23.00, 
1:23.50, 1:23.75, 9:15, or 16:8), Entrained wheel-running activity occurred under all LD regimes. Mice on LD 1:22.50, 
1:23.00, and 1:23.50, however, exhibited activity patterns similar to mice on LD 9:15, and they exhibited gonadal regres- 
sion. Mice on LD 1:22.00, 1:22.25, and 1:23.75 exhibited activity patterns similar to LD 16:8 animals, and most of these 
animals remained reproductively competent. There was also a close association between occurrence of reproductive 
regression and daily torpor. In contrast, molt to the winter pelt occurred under all non-24- hr LD cycles. This dysynchrony 
in response suggests that at least 2 circadian systems are involved in photoperiodic time measurement in P. leucopus. 
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PHOTOPERIOD is a primary environmental cue which 
regulates seasonal adjustments in a number of different ver- 
tebrate species ({12] for a review). Early studies by Buenning 
[3] indicate that the physiological basis of photoperiodism 
may involve an endogenous daily rhythm. His hypothesis is 
based on the existence of a circadian rhythm of light sen- 
sitivity. A response to photoperiod occurs only when light 
coincides with the light sensitive phase of this rhythm. An 
alternative hypothesis is that the phase relationship between 
multiple circadian rhythms is used in photoperiodic time 
measurement [24]. According to this hypothesis, either dawn 
or dusk would entrain an individual circadian rhythm. As the 
timing of dawn and dusk shifts seasonally, the phase rela- 
tionship between the dawn and dusk oscillators would also 
change. A specific phase relationship between two rhythms 
would result in a photoperiodic induction. Given current ex- 
perimental evidence, each of these alternatives has been 
used by insects in photoperiodic time measurement [26]. Al- 
though distinguishing between these two alternatives can be 
difficult, it is relatively easy to demonstrate circadian in- 
volvement in photoperiodic time measurement. Nanda and 
Hamner [22] first used light cycles consisting of a fixed 
photophase (6 hr) coupled to dark period of varying duration 
(up to 66 hr) to demonstrate circadian involvement. More 
recently, such manipulations of the light:dark cycle have 
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been called a resonance experiment [4, 27, 28]. This experi- 
mental protocol can be used to assess whether photoperiodic 
time measurement involves (1) a response to the total dura- 
tion of light, of dark, or the ratio of light to dark (i.e., an 
hourglass or interval timer model); or (2) a response to light 
which varies on a circadian basis. Such experiments have 
been conducted on birds [6, 9, 28, 29] and mammals [1, 4, 5, 
11, 23, 27, 30]. These studies support the involvement of 
circadian rhythmicity in vertebrate photoperiodic time 
measurement in regard to reproduction. 

The white-footed mouse, Peromyscus leucopus, is a spe- 
cies which demonstrates pronounced seasonal changes in 
both reproduction and temperature regulation. In this spe- 
cies a short day photoperiod triggers a host of seasonal ad- 
justments, such as reproductive regression [10, 13, 14, 20, 
21, 30, 31], molt to the winter pelt [14,20], occurrence of 
daily torpor [17, 18, 20], and increased nesting behavior [15]. 
It is of particular interest to determine if these multiple 
photoperiod-induced adjustments are regulated by an 
hourglass or circadian model of photoperiodic time meas- 
urement. This alternative could be distinguished in a reso- 
nance study. 

If the results of such a resonance experiment indicate a 
circadian basis for both reproductive and thermoregulatory 
responses, a second question should be addressed. Are the 
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FIG. 1. Representative activity records for each of three mice over 
three consecutive days appear below each light:dark cycle (plotted 
for 6 days). 


thermoregulatory and reproductive responses to short day 
photoperiod controlled by the same circadian system or are 
multiple circadian oscillators involved? 

A T-experiment could distinguish the presence of multiple 
circadian oscillators for time measurement. By varying the 
period (T) of the entraining light cycle so that it is slightly 
greater or less than 24 hr, it is possible to set the time during 
the circadian cycle at which light will fall on each subsequent 
day. By gradually changing the phase relationship between 
ambient lighting and the circadian cycle for photoperiodic 
induction, identification of one or more circadian systems of 
time measurement should be possible. If one circadian sys- 
tem controls photoperiodic induction for all reproductive 
and thermoregulatory characters, a uniform response to 
varying period should be expected. If multiple circadian os- 
cillators are involved, independent and character-specific re- 
sponses would be expected. 

In the first study resonance light cycles are used to estab- 
lish that photoperiodic time measurement in P. leucopus has 
a circadian basis. The second study employs a T-experiment 
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TABLE 1 


EFFECT OF RESONANCE LIGHT CYCLES ON MEAN (+SE) 
DURATION AND PHASE ANGLE DIFFERENCE (w) OF 
WHEEL-RUNNING ACTIVITY 





LD Cycle N Duration (hr) wt 





6:18 14.0 + 1.2* 
6:30 1.3: 295 
6:42 14.2 + 1.5* 
6:54 10.1 + 0.4 
16:8 7.4+0.1 


a ae oe a 
—17.0 + 0.6 

—7.7 = 1.0 
—16.3 + 0.3 
—16.9 + 0.1 





*p<0.01 relative to LD 16:8. 
tw is negative when the onset of activity follows the onset of light. 
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SE. The number above each bar represents the number of mice in 
the group. *p<0.01 relative to LD 16:8. 


to determine that more than one circadian system may be 
involved. 


METHOD 


General Procedures 


Reproductively mature male P. leucopus (testis length > 9 
mm) from a heterogeneous stock originally trapped in central 
Connecticut were used in this study. These animal stocks 
have been maintained in the laboratory for 2-3 generations. 
All mice were reared under a long day photoperiod (16 hr 
light:8 hr dark, lights on 0830 EST) at 23°C. At the beginning 
of each experiment the mice were 70 to 80 days of age. Mice 
were provided with abundant food (Wayne Lab Blox) and 
water during the studies and were kept in well ventilated 
photoperiod boxes [5]. All animals were individually housed. 


Experiment 1: Resonance Study 


Sixty-two mice were separated into 1 of 5 groups. Four of 
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FIG. 3. The effect of resonance light cycles (19 weeks) on: (A) spontaneous daily torpor and (B) molt to 
winter pelage. Each histogram represents the percent of individuals in the group which exhibit the 
trait. The number above each bar represents the number of mice in the group. NR indicates no 
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the groups were exposed to the following light:dark cycles 
for 28 wk: 6:18, 6:30, 6:42, or 6:54. A fifth group remained on 
the long day photoperiod (LD 16:8). This study was con- 
ducted between July and January. The following parameters 
were assessed: 

Food consumption and nesting behavior. After 12 weeks 
exposure to the resonance lighting cycle, food consumption 
was assessed. Daily food consumption scores were obtained 
from the weight of food consumed from a hopper over a five 
day period. A 6x 103 cm stainless steel food hopper was 
hung on the inside of the cage. The front of each hopper 
consisted of a parallel grate of stainless steel bars (0.5 cm 
apart) through which the mouse could gnaw food. Particulate 
food fell into a catch basin at the bottom of the grate and thus 
was not counted as consumed food. 

After food consumption was measured nesting behavior 
was assessed each day for eight days. A preweighed role of 
cotton batting was placed on the cage lid. The difference in 
the weight of the cotton was measured each day to provide 
daily nesting scores. All measurements were taken at 0730 hr 
under dim red light. 

Wheel-running activity. After 14 weeks exposure to the 
light cycle, animals were assessed for running wheel activity. 
Each mouse was individually housed in a 48.2*26.6x20.8 
cm (1xwxd) polypropylene mouse cage containing a 16 cm 
diameter running wheel. A microswitch on the outside of the 
cage monitored each wheel revolution, and wheel-running 
activity was recorded on a 20 channel Esterline-Angus event 
recorder. Animals were given 4 days for adjustment to the 
wheel, and daily activity was monitored continuously for at 
least one week. Because of a limited number of activity 
wheels, 37 mice were assessed. 

Mean duration and phase angle difference (W) of wheel- 
running activity was determined for each mouse. Duration of 
activity is defined as the time interval in hr from onset to 
cessation of running. The phase angle difference is defined as 
the difference in hours between activity onset and the onset 
of lights. Phase angle is negative when the onset of activity 
follows the onset of light, and positive when activity pre- 
cedes lights on [2]. 

Daily torpor. After 17 weeks mice were examined for 3 
weeks at 2 day intervals for the occurrence of spontaneous 


TABLE 2 


THE EFFECT OF RESONANCE LIGHT CYCLES ON MEAN (+SE) 
BODY WEIGHT, NESTING BEHAVIOR AND DAILY 
FOOD CONSUMPTION 





Food 
Consumption 
Nest Wt (g) (g) 


LD Cycle Body Wt (g) 





6:18 22.1 
6:30 25.7 
6:42 27.3 
6:54 26.2 
16:8 24.5 


1.0* 5.2 
1.5 8.4 
1.6 6.1 
1.6 3.3 
1.2 7.1 


1.4 3.4+0.4 
2.0 3.4+0.2 
1.8 3.6 + 0.4 
0.4* 3.6 + 0.3 
1.3 3.3 + 0.1 


I+ I+ + I+ 
+ + + I+ Ht 





*p<0.05 relative to LD 16:8. 


daily torpor. All inspections were made at 0730 under dim 
red light. This time was chosen since the circadian occur- 
rence of daily torpor anticipates lights on [19]. Additional 
checks were made at random time points, but animals were 
not observed in torpor. Behavioral criteria were used in the 
assessment of daily torpor. Animals with body temperatures 
below 30°C are visibly sluggish, uncoordinated, and exhibit 
impaired reflexes [7,16]. Periodic measurement of rectal 
body temperature with a Yellowsprings telethermometer 
confirmed the accuracy of behavioral criteria in the assess- 
ment of daily torpor in this species. 

Testicular and pelage changes. At the end of 19 weeks 
exposure to the resonance light cycles, animals were 
laparotomized in order to measure testes length and width. A 
subcutaneously injection of 0.08 ml Chloropent (Fort Dodge 
Laboratories, Fort Dodge, IA 50501) was used to 
anesthesize the mice. A small incision was made in the 
posterior abdomen, and the testis were externalized for 
measurement. Body weight was recorded at this time. 

At 19 weeks all mice were examined for the presence of a 
winter pelt. The winter pelt in this species has longer and 
denser hair; the pelt is also characterized by a white under- 
belly rather than gray-white as in summer animals. 
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FIG. 4. Wheel-running activity of mice following 12 weeks exposure 
to different photocycles. Representative activity data following ex- 
posure to either LD 1:23.00, 1:22.00, 1:22.25, 1:22.50, 1:23.50, 
1:23.75. The dark lines crossing successive days represent the 1 hr 
light pulse. In the LD 1:22.00 group animal A exhibited gonadal 
regression whereas animal B did not. Control mice were maintained 
on LD 16:8 or 9:15. The horizontal bars below each control group 
represent the light:dark cycle. 


Data analysis. Analysis of variance was performed to test 
for differences in continuously varying traits. In cases where 
a significant treatment effect was obtained, comparison be- 
tween means were made using the error term from analysis 
of variance and the ¢ distribution. A chi-square test for inde- 
pendence was used to establish the effect of photoperiod on 
the number of mice exhibiting a winter molt and the number 
becoming torpid. 


Experiment 2: T-Experiment 


One hundred and eight mice were separated into 1 of 8 
groups. Six groups were maintained under the following ex- 
perimental light:dark cycles for 15 weeks. LD 1:22.00 
(T=23.00 hr), 1:22.25 (T=23.25 hr), 1:22.50 (T=22.50, hr), 
1:23.00 (T=24.00 hr), 1:23.50 (T=24.50 hr), or 1:23.75 
(T=24.75 hr). Two control groups were maintained under a 
short day (LD 9:15, T=24.00 hr) or long day (LD 16:8, 
T=24.00 hr) photoperiod. In order to enhance thermoregula- 
tory responses mice were maintained at 13°C for the last 8 
weeks of the 15 week study. The methods for assessing food 
consumption, nesting behavior, wheel activity, daily torpor, 
testicular size, and pelage were the same as in Experiment 1. 
Since the duration of this experiment was shorter, the timing 
of these measurements changed. Food consumption was as- 
sessed during week 10 for 5 days, nesting during week 11 for 
5 days, wheel activity during week 12 for 7 days, daily torpor 
during weeks 14-15 at 2-3 day intervals. Testicular length x 
width was measured initially, at 9 weeks, and at the end of 
the experiment. Pelage, body weight, combined testes 
weight, and seminal vesicle weight were also assessed at the 
end of the experiment. This study was conducted over a 1 
year period. 
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TABLE 3 


THE EFFECT OF DIFFERENT T-LIGHT CYCLES ON MEAN (+SE) 
DURATION AND PHASE ANGLE DIFFERENCE (w) OF 
WHEEL-RUNNING ACTIVITY IN PEROMYSCUS LEUCOPUS 





LD Cycle N Duration (hr) wt 





1:22.00 
1:22.25 
1:22.50 
1:23.00 
1:23.50 
1:23.75 
9:15 

16:8 


9.9 + 1.6* 
9.4 + 1.0* 
16.8 + 0.4 
16.4 + 0.3 
12.8 + 0.8 
10.1 + 1.1* 
16.0 + 1.0 
8.5 + 0.8* 


—14.2 + 1.1* 
—15.4 + 1.1* 
—3.5 + 1.0 
—1.8 + 0.5 
—-5.4+0.7 
—13.5 + 0.9* 
—4.8+ 1.4 
—16.5 + 0.3* 


BARU kUunnw 





*p<0.05 relative to LD 9:15. 
+ is negative when the onset of activity follows the onset of light. 


TABLE 4 


MEAN (+SE) TESTICULAR LENGTH x WIDTH (mm*) OF TORPID OR 
NONTORPID PEROMYSCUS LEUCOPUS FOLLOWING 9 AND 15 
WEEK EXPOSURE TO EITHER LD 1:22.25 OR LD 9:15 





Week 


N Week Nine Fifteen 





LD 1:22.25 
Group Mean 
Torpid mice 
Nontorpid mice 

LD 9:15 
Group Mean 
Torpid mice 
Nontorpid mice 


tv 
wna 


w —_ 
I+ I+ I+ 
N= Ww 





*p<0.01 relative to respective group on LD 9:15. 


Data analysis was similar to that described for Experi- 
ment. 1. 


RESULTS 
Experiment 1: Resonance Study 


The overt circadian rhythm of wheel-running activity was 
synchronized by each of the five light cycles (Fig. 1). Under 
the photoperiod LD 16:8 wheel-running activity had a period 
of 24 hr and was confined to darkness, with the onset of 
activity occurring 16.9 hr after lights on. Mice maintained 
under LD 6:30 and LD 6:54 demonstrated a daily entrain- 
ment pattern similar to that of LD 16:8 animals. There were 
no statistically significant differences between these 3 light 
cycles for either duration of activity or the phase angle 
difference (Table 1). The average duration of activity for the 
light cycles was 8.3 hr and the average was —16.7 hr. 

The mice under LD 6:18 and LD 6:42 had similar activity 
patterns (Fig. 1, Table 1). For these groups average duration 
of activity was 14.1 hr and the phase angle difference equal- 
led —7.6 hr. In some mice two bouts of nocturnal activity 
were observed. Both groups were substantially different 
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FIG. 5. The response of testicular length x width, winter molt, and daily torpor in mice exposed to a | 
hr light pulse in photocycles with periods (T) of varying darkness. The light:dark (LD) cycle is given at 
the bottom of the figure. (A) Each histogram represents the mean (+SE) testicular length x width 
(mm?) for animals in each group during weeks 0, 9, and 15 of the study. (B) Percent of mice exhibiting a 
winter pelt. (C) Occurrence of daily torpor where each histogram represents the percent of individuals 


in each group which exhibited the trait. NR indicates no response. *p<0.01 relative to short day mice 
(LD 9:15). 
































(p <0.01) from LD 16:8, LD 6:30, and LD 6:54. Five mice did TABLE 5 
not use the running wheels. THE EFFECT OF VARIOUS T-CYCLES ON REPRODUCTIVE 
Exposure to the resonance light cycles, LD 6:18 and LD PARAMETERS IN MALE PEROMYSCUS LEUCOPUS 
6:42, resulted in pronounced gonadal regression (Fig. 2). A 
substantial decrease in mean (+SE) testicular length x width Seminal 
occurred following 19 weeks exposure to LD 6:18 (32+4 Testes Wt Vesicle 
mm_2) and LD 6:42 (38+4 mm?) relative to LD 16:8 animals LD Cycle N (mg) Wt (mg) 
(64+5 mm’). Mean testicular length x width in mice exposed 
to LD 6:30 (75+4 mm?) or LD 6:54 (60+5 mm?) was similar 1:22.00 20 311.4 + 44.4* 158.3 
to the LD 16:8 group (64+5 mm’). 1:22.25 12 227.8 + 46.0* 129.2 
Occurrence of spontaneous daily torpor was observed in 1:22.50 14 100.0 + 20.1 29.3 
38% of the population maintained at LD 6:18, and 25% of the 1:23.00 14 107.9 + 27.2 37.8 
population maintained at LD 6:42 (Fig. 3A). Incidence of 1:23.50 14 132.8 + 20.2 45.5 
daily torpor was not observed in mice maintained on the LD 1:23.75 14 244.0 + 29.1* 112.9 + 24.0* 
16:8, LD 6:30, or LD 6:54 photoperiod. Molt to the winter 9:15 10 102.7 + 14.0 34.1+ 68 
pelage occurred in a large percentage of animals exposed to 16:8 10 422.3 + 16.0* 282.3 + 22.6* 
the resonance light cycles LD 6:18 (83%) and LD 6:42 (78%, 
Fig. 3B). This response differed dramatically from that of *p<0.01 relative to LD 9:15. 
animals exposed to LD 16:8 and LD 6:30, where no winter 
molt occurred, and was substantially greater than the re- 
sponse of animals to LD 6:54, where only one individual 
(7%) molted to a winter pelt. 








30.6* 
37.0* 
> Pe 
7.1 
7.0 


+ HH HHH 
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Mice maintained on resonance light cycles tended not to 
differ from animals exposed to LD 16:8 regarding body 
weight, food consumption, and nesting behavior (Table 2). 


Experiment 2: T-Experiment 


Mice exposed to LD 1:22.00, 1:22.25, and 1:23.75 exhib- 
ited wheel-running activity patterns which were similar to 
LD 16:8 animals at the end of 15 weeks (see Fig. 4; Table 3). 
These mice were also reproductively competent (Fig. 5). The 
wheel-running activity patterns of mice on LD 1:22.50, 
1:23.00, and 1:23.50 resembled LD 9:15 mice (Fig. 4; Table 
3), and most of these animals exhibited gonadal regression. 
This apparent simultaneous effect of photoperiod on repro- 
ductive state and wheel-running activity is better illustrated 
by two representative animals from the LD 1:22.00 treatment 
(Fig. 4). Animal A remained reproductively competent and 
exhibited a long day activity pattern while Animal B under- 
went gonadal regression and had a short day activity pattern. 

Again, comparison of mice exposed to long (LD 16:8) and 
short (LD 9:15) photoperiods demonstrates the dramatic ef- 
fect that photoperiod has on reproduction and temperature 
regulation in P. leucopus (Fig. 5). Exposure to LD 9:15 re- 
sulted in gonadal regression (testicular Lx W=26+2), molt 
to the winter pelage (100%), and occurrence of spontaneous 
daily torpor (40%). In sharp contrast LD 16:8 mice remained 
reproductively competent (testicular _LxW=70+3;, few 
mice molted to a winter pelt (10%), and there was no inci- 
dence of spontaneous daily torpor. The responses of mice 
exposed to LD 1:23.00 for 15 weeks was similar to those 
exposed to a LD 9:15 photoperiod (testicular Lx W=26+3; 
100% winter molt; 29% torpor). Similar values were also ob- 
tained for animals exposed to LD 1:22.50 (testicular 
Lx W=30+3; 100% winter molt; 22% torpor) and LD 1:23.50 
(testicular Lx W=34+3; 93% winter molt; 22% torpor). 

‘Animals on LD 1:23.75, however, differed from the LD 
9:15 group (Fig. 5). Most mice did not exhibit testicular re- 
gression after 9 (testicular Lx W=46+3) and 15 (testicular 
Lx W=47+4) weeks of treatment. Although reproductively 
competent as a group, most of these animals (86%) exhibited 
a winter molt, and spontaneous daiiy torpor was observed in 
two individuals (14%). The testicular L=xW for these two 
mice was 12 and 26 mm’. The remaining animals all had a 
testicular Lx W greater than 36 mm’. Likewise, exposure to 
photoperiod LD 1:22.00 failed to induce gonadal regression 
after 9 and 15 weeks of treatment (Lx W=52+3 and 55+5, 
respectively). Fifty percent of the mice exhibited a winter 
molt and 25% were observed in torpor. Testicular L x W for 
torpid mice were substantially less when compared to non- 
torpid animals (LxW=27+5 and 64+5, respectively; 
p<0.01). 

Mice exposed to LD 1:22.25 for 9 weeks exhibited a de- 
crease in gonadal size (testicular Lx W=29+4). By week 15, 
however, gonadal recrudescence was evident (testicular 
Lx W=45+6) in 8 of the 12 animals. At the end of the study 
molt to a winter pelt had occurred in most of these mice 
(83%), and daily torpor was observed in four individuals 
(33%). It was these four mice which also did not exhibit 
gonadal recrudescence after 15 weeks (Table 4). In contrast, 
gonadal recrudescence was complete in mice which were 
never observed in torpor. This cycle of regression and early 
recrudescence was not observed in the LD 9:15, nontorpid 
mice (Table 4). 

The effects of 15 weeks treatment on combined testes 
weight, seminal vesicle weight, and body weight are pre- 
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sented in Table 5. Given testes weight and seminal vesicle 
weight, mice exposed to LD 16:8, 1:22.00, 1:22.25, and 
1:23.75 remained reproductively competent. Most mice ex- 
posed to LD 9:15, 1:22.50, 1:23.00, and 1:23.50 exhibited 
reproductive regression. These results are consistent with 
those observed for testicular Lx W (Fig. 5). With regard to 
body weight mice maintained on LD 16:8 and 1:22.00 were 
substantially heavier (25.7+1.3 and 23.7+0.7, respectively) 
than LD 9:15 mice (21.3+0.6). The other groups of mice had 
body weights which were similar to the LD 9:15 animals. 


DISCUSSION 


These results confirm that photoperiodic time measure- 
ment for both reproduction and some aspects of thermoregu- 
lation in P. leucopus involves a response to light which var- 
ies on a circadian basis. Given these data the other mech- 
anisms by which P. leucopus might discriminate daylength 
(i.e., the total duration of light, of dark, or the ratio of light to 
dark) seem unlikely. The absolute amount of light in all the 
resonance light regimes was less than the critical amount in 
24 hr which is required for maintenance of reproductive 
capability and equal to an amount of light capable of eliciting 
thermoregulatory responses [18]. Yet all resonance lighting 
cycles did not result in gonadal regression or thermoregula- 
tory adjustments similar to those observed in winter mice. 
Animals presented with LD 6:18 or LD 6:42 exhibited 
chronic short day exposure responses: regression of the re- 
productive system, molt to the winter pelage and increased 
incidence of spontaneous daily torpor (Figs. 2, 3). In con- 
trast, animals responded to LD 6:30 and LD 6:54 as long day 
photoperiods (LD 16:8): maintenance of the reproductive 
system, lack of molt to winter pelage, and no incidence of 
daily torpor. 

The essential feature of the Buenning model is that the 
photoperiodic effect depends on the phase of a light pulse 
relative to a circadian rhythm of photoperiodic photosen- 
sitivity (CRPP). If light coincides with the sensitive portion 
of this endogenous oscillation of photosensitivity, the infor- 
mation is read as long day. However if the animal receives 
light only during the insensitive portion of the ryhthm, the 
information is read as short day. In an extensive study, El- 
liott [5] defined the CRPP which regulates the reproductive 
response in the Syrian hamster. However the CRPP may be 
character-specific as well as vary both within and between 
species. Other models of circadian time measurement have 
been proposed [24,25]. 

Wheel-running activity, an overt circadian rhythm which 
is easily monitored, persisted with a period of approximately 
24 hr under each resonance light cycle (Fig. 1). One or two 
days of continuous darkness between 6 hr light pulses had 
little effect on daily entrainment pattern. However, the 
phase of the activity rhythm relative to the 6 hr photophase 
differed significantly between photoperiods which triggered 
short day adjustments and those which did not (Table 1). 

The results of this study on P. leucopus support investi- 
gations on the circadian basis of photoperiodism in regula- 
tion of reproduction in adult rodents [4, 5, 8, 11, 23, 27] and 
the onset of puberty in Peromyscus maniculatus [30]. While 
the photoperiodic regulation of the reproductive system has 
been critically evaluated in these species, circadian involve- 
ment in thermoregulatory responses to a short day photo- 
period has not been documented. In the present study, we 
have determined that there is an underlying circadian basis 
for both reproductive and thermoregulatory adjustments in 
P. leucopus. 
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While the results establish a circadian basis for these re- 
sponses, it is possible that multiple character-specific circa- 
dian rhythms might regulate photoperiodic adjustments in 
this species. The results of the T-experiment indicate that 
more than one circadian system governs photoperiod- 
induced adjustments. Supportive evidence can be found in 
the response of mice maintained on LD 1:23.75 (Figs. 4, 5). 
Mice interpreted this light:dark cycle as a long day photo- 
period with respect to reproductive state and wheel running 
activity, but as a short day photoperiod for the seasonal 
molt. This dysynchrony in response can be explained if we 
assume that there is more than one CRPP involved in photo- 
periodic time measurement and that each CRPP regulates 
one or more characters. Under normal conditions of short 
day exposure (LD 9:15; T=24.00), each CRPP is entrained 
by light. As entrainment is varied, either by shortening or 
lengthening the period from 24 hr, the relationship between 
the light signal and the light sensitive portion of the rhythm is 
changed. If the T-cycle is varied only slightly as in the case 
of LD 1:22.50 and LD 1:23.50, entrainment of each CRPP is 
not critically affected, and a short day response is evident for 
all characters. However, as the limits of entrainment are 
extended, dysynchrony of individual CRPP’s occurs, as does 
the dysynchrony in response. In such a situation the | hr 
light pulse may coincide with the sensitive portion of one 
character-specific rhythm, but with the insensitive portion of 
another. Such a split in response could explain the results of 
the animals exposed to LD 1:23.75, since animals exposed to 
this light:dark cycle resembled LD 9:15 mice with respect to 
the molt, but LD 16:8 animals with respect to gonadal 
development. A similar dysynchrony in response was evi- 
dent in animals exposed to LD 1:22.25 for 15 weeks (Fig. 5). 
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Thus, both lengthening and shortening the period of the light: 
dark cycle from 24 hr can result in differentiation of the 
CRPP controlling molt and the CRPP controlling reproduc- 
tion (and wheel-running activity) in this species. When 
animals are entrained to a photocycle with a period of 23 hr 
(LD 1:22.00), attenuation of the short day response for the 
molt also occurs. Only 50% of the animals molted to a winter 
pelage under this light:dark cycle. 

In P. leucopus there is a close relationship between re- 
productive state and wheel-running activity as first estab- 
lished in the Syrian hamster [5]. For example, some mice 
exposed to LD 1:22.00 exhibited gonadal regression while 
others did not. Reproductively incompetent mice have ac- 
tivity records which are similar to those for LD 9:15 animals 
(Fig. 4). Duration of activity is longer in these mice, and two 
distinct bouts of nocturnal activity are often evident (Fig. 
4A). Conversely, reproductively competent animals exposed 
to LD 1:22.00 exhibit a single, short period of nocturnal ac- 
tivity (Fig. 4B). These records resemble those for mice on 
LD 16:8. 

Although the rhythmic control of gonadal regression and 
molt are relatively independent, there is an apparent asso- 
ciation between reproduction and daily torpor. Animals 
which exhibit daily torpor have testes which are substan- 
tially smaller than those of nontorpid mice (Table 4). 
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KUBOTA, K., I. MATSUDA, K. SUGAYA AND T. URUNO. Cholecystokinin antagonism by benzodiazepines in the 
food intake in mice. PHYSIOL BEHAV 36(1) 175-178, 1986.—Three benzodiazepines, chlordiazepoxide, diazepam and 
flurazepam, were demonstrated to reverse the suppressed food intake in mice in response to cholecystokinin octapeptide 
(CCK8). CCK8 (200 ng) was administered intracisternally, and the benzodiazepines intraperitoneally at doses of 0.1 to 1 
mg/kg. The three benzodiazepines slightly depressed the feeding by themselves, but significantly reversed the satiety 
effects of CCK8. Naloxone (2 mg/kg) decreased the food intake but failed to reverse the CCK8 satiety action. The 


benzodiazepines were considered to antagonize the satiety action of CCK8 in the central nervous system through unknown 


mechanisms. 
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CHOLECYSTOKININ (CCK) has been shown to suppress 
feeding in animals when administered peripherally [1,6] as 
well as centrally [5]. The suppression of feeding induced by 
peripherally administered cholecystokinin octapeptide of 
sulfated form (CCK8) disappeared with the denervation of 
the vagus nerve [15], indicating that the primary site of this 
action might be the peripheral neurons. On the other hand, 
subcutaneously administered CCK8 produced naloxone (0.5 
to 1 mg/kg) reversible hypothermia in mice [18], but we 
demonstrated [16] that the hypothermia in mice induced by 
intracisternally administered CCK8 was not reversed even 
by a high dose, 5 mg/kg, of naloxone. In view of these find- 
ings, it is not clear whether CCK8 produces similar effects 
when administered peripherally and centrally, since the 
mechanisms of action might differ in each case depending on 
the routes of the administration. In our previous paper [9], 
we reported that the antinociceptive effect of intracisternally 
administered CCK8 was completely reversed in mice by ben- 
Zodiazepines such as chlordiazepoxide, diazepam and 
flurazepam when injected intraperitoneally even at low 
doses such as 1 to 5 mg/kg. We have also shown that the 
contractile response of the isolated gallbladder of guinea pig 
to CCK8 was antagonized by benzodiazepines in a competi- 
tive manner at the CCK8 receptor level on the smooth mus- 
cle cells [8]. Whether the antagonism by the benzodiazepines 
on the antinociceptive effect is of competitive manner or not 
remains unclear at present. The CCK8 action in the central 
nervous system seemed to be antagonized by the ben- 
zodiazepines more efficiently than done in the gallbladder. In 
the present study, therefore, we attempted to examine 
whether suppression of feeding in mice induced by 


intracisternally administered CCK8 can also be reversed ef- 
ficiently by benzodiazepines. 


METHOD 


Male ddY strain mice weighing 18 to 20 g were used. The 
mice were housed in an air-conditioned room controlled at a 
temperature of 24+ 1°C and with relative humidity of 55+ 5% 
for a week preliminarily before the experiment. During this 
period the mice were fed on liquid food having the following 
composition (%): protein 7.0, fat 7.7, lactose 10.2, water 
73.5, ash 1.6 (Calorie, 130 Cal/100 g.). CCK8 was dissolved 
in distilled water which contained 0.4% brilliant blue. Ten yl 
of the CCK8 solution containing 200 ng of CCK8 was in- 
jected into the cerebellomedullary cistern 10 min before the 
measurement of food intake by using a J-shaped stainless steel 
needle according to the method of Ueda ef al.[{17]. Chlor- 
diazepoxide hydrochloride (CDP), flurazepam hydrochloride 
(FZP) and naloxone were dissolved in physiological saline 
solution. Diazepam (DZP) was suspended in physiological 
saline solution with addition of Tween 80 at a concentration 
of 0.5%. Benzodiazepines and naloxone were injected intra- 
peritoneally 20 min and 10 min before the intracisternal in- 
jection of CCK8, respectively. In order to confirm proper 
intracisternal injection, every mouse was killed after the ex- 
periments and subjected to observation of the proper spread 
of brilliant blue in the brain. Those mice which showed ab- 
normal behaviors like turning after the intracisternal injec- 
tion were not used. Mice were fasted for 24 hr and then 
allowed to have the liquid food which kept in a 10 ml glass 
pipette. The number of mice in each group was 8 to 12. 
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FIG. 1. Suppression of food intake by CCK8 in mice. CCK8 was 
dissolved in a vehicle, 0.4% brilliant blue aqueous solution, and 
administered intracisternally. Vehicle (O), 200 ng CCK8 (@), 500 ng 
CCK8 (0), 1 wg CCK8 (®). Abscissa, time after the initiation of 
feeding; ordinate, cumulated volume (ml) of liquid food taken by 
mice. Vertical bars represent S.E. of the mean. **p<0.01, *p<0.05 
significant difference from control by Student's /-test. 


RESULTS 


The food intake of control mice reached plateau about 40 
min after the initiation of feeding. The intracisternal (i. cist.) 
administration of CCK8 suppressed the food intake in mice 
in a dose-dependent manner. Statistically significant inhibi- 
tion of the food intake was observed with 200 ng of CCK8 at 
20 min after the i. cist. administration, and marked, sus- 
tained inhibition of the food intake with 500 ng and 1 yg of 
CCK8 (Fig. 1). The dose of CCK8 required for inhibiting the 
feeding by 50% was estimated to be 77.9 ng/mouse, which 
was obtained on the basis of the cumulated food intake in the 
initial 20 min period (Fig. 2). Effects of the benzodiazepines 
on the food intake in mice which was suppressed by i. cist. 
200 ng of CCK8 are shown in Figs. 3, 5 and 6. In those 
figures, the cumulated food intake in the initial 20 min period 
was obtained to express the feeding ability of mice. All of the 
benzodiazepines, CDP, DZP and FZP significantly reversed 
the food intake suppressed by CCK8 at doses of 1, 0.1 and 
0.1 mg/kg,respectively. CDP reversed the CCK8-induced 
satiety in a dose related fashion. The dose of CDP required 
for reversing the CCK8 action by 50% was estimated to be 
0.65 mg/kg on the basis of the regression line shown in Fig. 4. 
Naloxone, at a dose of 2 mg/kg, inhibited the food intake a 
little but significantly. However, it did not reverse the 
CCK8-induced suppression of the food intake (Fig. 7). 


DISCUUSION 


A number of studies on the effect of CCK on food intake 
of animals have accumulated evidence to show that CCK 
produced satiety when administered peripherally or centrally 
[1, 5, 6]. However, there is no report on the action of 
intracisternally administered CCK on food intake in mice. 
Ueda et al. developed a simple but efficient method to ad- 
minister drugs to the cerebellomedullary cistern of mice [17]. 
In the present study, it was demonstrated that i. cist. CCK8 
significantly suppressed food intake in mice even at a low 
dose such as 200 ng per mouse and this suppression was 
sensitively reversed by very low (0.1-1 mg/kg) intraperito- 
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FIG. 2. Dose-response line for CCK8 on feeding mice. Abscissa, 
intracisternal dose of CCK8 expressed in logarithmic scale; ordi- 
nate, % inhibition of food intake as compared with control, see Fig. 
1. The food intake was calculated on the basis of the cumulated 
volume of the food taken in the initial 20 min period. 
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FIG. 3. Effect of CDP (1 mg/kg) on CCK8 (200 ng)-induced suppres- 
sion of food intake in mice. Ordinate, cumulated volume (ml) of 
liquid food taken in the initial 20 min period. Vertical bars represent 
S.E. of the mean. **p<0.01, *p<0.05 in comparison of control with 
CCK8 and CCK8 with CDP-CCK8, respectively, by Student's /-test. 
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FIG. 4. Dose-response line for CDP on the reversal of CCK8-induced 
suppression of food intake in mice. Abscissa, intraperitoneal dose of 
CDP expressed in logarithmic scale; ordinate, reversal % obtained 
followingly: in Fig. 3, the difference between the food intakes of 
*“*CONTROL” and ‘‘CCK8”’ was taken as 100% and the recovery % 
in the food intake of ‘“CDP-CCK8”’ was obtained. The dose of CDP 
in Fig. 3 was changed from 0.25 to 1.0 mg/kg. 
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FIG. 5. Effect of DZP (0.1 mg/kg) on CCK8 (200 ng)-induced sup- 
pression of food intake in mice. Ordinate, cumulated volume (ml) of 
liquid food taken in the initial 20 min period. Vertical bars represent 
S.E. of the mean. **p<0.01, tp<0.05 in comparison of control with 
CCK8 and CCK8 with DZP-CCK§8, respectively, by Student’s /-test. 
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FIG. 7. Effect of naloxone (NX) (2mg/kg) on CCK8 (200 ng)-induced 
suppression of food intake in mice. Ordinate, cumulated volume (ml) 
of liquid food taken in the initial 20 min period. Vertical bars repre- 


sent S.E. of the mean. **p<0.01 in comparison of control with 
CCK8, by Student’s r-test. 


neal doses of the benzodiazepines. The EDSO for 
intracisternally administered CCK8 on the suppression of 
the food intake of mice was found to be 77.9 ng per mouse. 
According to Zetler [19], EDS0 for subcutaneously adminis- 
tered CCK8 and obtained under very similar experimental 
conditions to ours was 24 ywg/kg. Mclaughlin and Bail re- 
ported that intraperitoneal administration of 2.5 mg/kg of 
DZP enhanced food intakes of both lean and fatty rats [10]. 
This enhancement may be relevant to the DZP antagonism to 
endogenous CCK which has been reported to be released 
after food intake [3,4]. In our present experiments, a very 
low intraperitoneal dose, 0.1 mg/kg, of DZP was used. Al- 
though species differences must be taken into consideration, 
this dose of DZP, in fact, did not enhance food intake in 
mice, but rather slightly inhibited it as shown in Fig. 5. CDP 
and FZP also slightly decreased the food intake in mice at 
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FIG. 6. Effect of FZP (0.1 mg/kg) on CCK8 (200 ng)-induced sup- 
pression of food intake in mice. Ordinate, cumulated volume (ml) of 
liquid food taken in the initial 20 min period. Vertical bars represent 
S.E. of the mean. **p<0.01, **p<0.01 in comparison of control with 
CCK8 and CCK8 with FZP-CCK8 respectively, by Student’s t-test. 
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small doses. In spite of their inhibitory effect on feeding, all 
the three benzodiazepines reversed the suppressed food in- 
take in mice in response to exogenous CCK8. Of interest is 
that naloxone did not reverse the CCK8-induced satiety. 
Nevertheless, benzodiazepines sensitively reversed both of 
CCK8 actions of satiety and antinociception at small doses. 
Thus, the results have become intricate to interpret. 
Naloxone reversibility of the CCK8 antinociception suggests 
the involvement of endogenous opioid peptides in the pro- 
duction of the antinociception. However, as noted above, 
naloxone (2 mg/kg) did not reverse the CCK8-induced sup- 
pression of feeding, but significantly suppressed the food 
intake in mice, by itself. As shown by studies mainly in rats, 
feeding is susceptible to opioid peptides [11], especially to 
kappa agonists such as dynorphin which is a potent feeding 
enhancer [12,13]. Accordingly, naloxone is likely to suppress 
feeding through antagonizing the opioid peptide action. With 
respect to the action of CCK8 on the satiety center, intensive 
studies conducted by Oomura et al. [7,14] are well known. 
Their results of direct effects of CCK8 on the ventromedial 
hypothalamic nucleus and the lateral hypothalamic area 
which are the satiety and feeding centers, respectively, indi- 
cated that CCK8 failed to stimulate or inhibit the neuronal 
activity in these centers. Therefore, intracisternally adminis- 
tered CCK8 presumably suppresses food intake in mice 
through their action on neurons other than these centers. 
The reversal of the CCK action in the central nervous system 
by benzodiazepines has very recently been demonstrated by 
Bradwejn et al. [2] in which benzodiazepines antagonized 
the CCK-induced activation of the rat hippocampal neurons. 
Precise mechanism by which benzodiazepines reverse 
CCK8-induced suppression of feeding remains unclear at 
present, and further accumulation of evidence is necessary. 
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ADELS, L. E., M. LEON, S. G. WIENER AND M. S. SMITH. Endocrine response to acute cold exposure by lactating 
and non-lactating Norway rats. PHYSIOL BEHAV 36(1) 179-181, 1986.—Plasma levels of corticosterone, prolactin and 
thyroxine (T,) were measured in lactating and non-lactating Norway rats at 22°C and 4°C. Acute cold exposure increased 
corticosterone secretion in all groups, although non-lactating female levels rose higher than those of mother rats. While 
prolactin levels are unaffected by acute cold exposure in non-lactating females, mothers with their litters had lower 
prolactin levels in the cold. T, levels increased during cold exposure in lactating females, suggesting that the low T, levels 
observed during lactation may not be due to lactational competition for available iodine. 
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THE body temperature of Norway rat mothers is chronically 
elevated by the dual action of progesterone and corticoste- 
rone [7, 12, 22, 23]. High progesterone levels, induced by 
high prolactin levels, has been suggested to increase mater- 
nal body temperature set point [23]. High levels of cortico- 
sterone may then elevate tissue metabolism, chronically in- 
creasing maternal heat load [12,22]. Mothers are thereby 
made vulnerable to periodic acute increases in their brain 
temperature while huddling with their young and must ter- 
minate pup contact to maintain their thermal homeostasis 
[11,12]. 

The chronic increase in heat load also changes the capac- 
ity of dams to respond to acute thermal stress. For example, 
while lactating females can defend their body temperature in 
a cold ambience, non-lactating females can not [7]. The dif- 
ferential response of lactating and non-lactating females to 
acute cold exposure may be due to differences in acute 
endocrine responses that could mediate the acute maternal 
thermoregulatory response. We therefore investigated the 
effects of acute cold exposure on the endocrine response of 
lactating and non-lactating female rats. 

Glucocorticoids are normally elevated in mother rats 
[19], possibly changing the acute responsiveness of the ad- 
renal to cold stress. Indeed, acute cold exposure increases 
corticosterone levels in non-lactating rats [20]. Furthermore, 





adrenalectomy decreases and glucocorticoids restore resist- 
ance to cold environments [15], in part by increasing ther- 
mogenic efficiency [1]. We therefore mezsured plasma levels 
of corticosterone in lactating and non-lactating females in a 
cold environment. 

We measured plasma levels of prolactin because it has 
been shown to decrease in male rats in the cold ({16], but see 
[10]). Maternal prolactin levels are normally elevated [23], 
possibly altering the acute response to cold exposure. 

We also measured plasma thyroxine (T,) levels because 
rats normally increase secretion of this hormone during cold 
exposure [4, 12, 18], thereby increasing heat production [8]. 
Lactating females normally have lower circulating T, levels 
than non-lactating females [13,14] and if lactating females 
have a limited ability to produce T,, then they should fail to 
increase T, secretion, even in the cold. 

Mothers may avoid some of the thermal consequences of 
being in the cold if they are able to huddle with their litter 
and thereby insulate themselves from such environmental 
contingencies. Pups also may modify maternal secretion of 
prolactin, corticosterone or T, during cold exposure by their 
suckling-induced changes in these secretions. We therefore 
studied the role that pups play in modifying the endocrine 
and thermal responses of mothers in the cold. We also re- 
corded the temperatures of all female rats before and after 
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FIG. 1A. The core temperature of lactating females with and without 
their pups and non-lactating female rats at the start and termination 
of a 2-hour exposure to either 4°C or 22°C. B. Circulating levels of 
corticosterone for these groups at both ambient temperatures. C. 
Circulating levels of prolactin for these groups at both temperatures. 
D. Circulating levels of thyroxin (T,) for these groups at both tem- 
peratures, SEMs are shown in each graph. 


the two-hr test to assess the effects of the cold ambience on 
their thermal state. 


METHOD 


Forty lactating and 20 non-lactating Wistar female rats 
(Charles River Breeders) were used in this experiment. Lac- 
tating females were housed in individual polyethylene cages 
(34x21x18 cm) with wood chip bedding. All litters were 
standardized at eight pups one day postpartum. The rats 
were not handled for the next nine days. Non-lactating 
females were housed singly in similar cages and were undis- 
turbed for a similar period. All animals had ad lib access to 
Wayne Laboratory Chow and water. Lights went on at 0800 
hr for 12 hr and the ambient temperature of the room was 
maintained at 22+ 1°C. 

At 1200 hr postpartum day 10 lactating and non-lactating 
females were transferred in their home cages to an environ- 
mental chamber (Unitherm) that maintained a constant tem- 
perature of either 4°C or 22°C. Half of the mothers had 


ADELS, LEON, WIENER AND SMITH 


their pups removed just prior to being moved into the 
chamber. Core temperature was recorded by placing a 
thermistor (YSI 423) 4 cm into their rectum just before and 
just after being in the environmental chamber. After two hr, 
each rat was decapitated and exsanguinated. Plasma samples 
were stored at —70°C prior to hormone assay. Corticoste- 
rone radioimmunoassay was done after a modification of the 
method described by Klemm and Gupta [13]. Prolactin 
radioimmunoassay was done using the technique described 
by Doherty, Bartke, Hogan, Klemcke and Smith (3). 
Thyroxine radioimmunoassay was carried using the protocol 
and antiserum from Endocrine Sciences (Tarzana, CA). 


Data Analysis 


Corticosterone and T, data were analyzed by analysis of 
variance (ANOVA). Individual comparisons were made 
using Tukey’s W procedure [17]. Since the prolactin data 
violated the assumption of homogeneity of variance, we used 
the Kruskall-Wallis test with post-hoc comparisons made 
with Mann-Whitney U tests to analyze the data (see [5)). 
Temperature data was analyzed by a one-way ANOVA with 
a Scheffe test used for the post hoc comparison. 


RESULTS 
Body Temperature 


Body temperature at the start of the exposure period dif- 
fered among groups, F(5,54)=66.79, p<0.001, with the lac- 
tating females having higher temperatures than the non- 
lactating females (p<0.01). There was also a significant ef- 
fect of ambient temperature on the change in body tempera- 
ture during the exposure period, F(5,54)=5.61, p<0.01. 
Neither lactating nor non-lactating femeles changed their 
body temperature at 22°C and only non-lactating females had 
a decrease in body temperature at 4°C (p<0.01; Fig. 1A). 


Corticosterone 


There were significant differences between the groups, 
F(5,54)=43.70, p<0.001; Fig. 1B. Corticosterone levels in- 
creased during acute cold exposure in both non-lactating 
females and in lactating females both with and without their 
pups (p<0.01). The pups did not affect corticosterone levels 
either at 22°C or 4°C. Corticosterone was higher in non- 
lactating than in lactating females with their pups at 4°C 
(p<0.01). 


Prolactin 


There was a significant treatment effect on prolactin, 
x?(5)=40.03, p<0.001; Fig. 1C. Prolactin levels were not af- 
fected by acute cold exposure in non-lactating females. 
Prolactin levels of mothers in the cold without pups did not 
differ from those of non-lactating females. Prolactin levels 
decreased after acute cold exposure for mothers with pups 
relative to their levels at 22°C. At 22°C, pup removal de- 
creased prolactin secretion (p<0.01). All mothers had lower 
prolactin levels at 4°C than at 22°C (p<0.01), but those with- 
out pups had higher levels in the cold than those with their 
pups (p<0.01). 


T, 


There were significant differences between the groups in 
the T, response to acute cold exposure, F(5,54)=20.76, 
p<0.001; Fig. 1D. Cold exposure increased T, in lactating 
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females (p<0.01), but did not increase it in non-lactating 
females. Pup removal increased T, levels in lactating females 
at 22°C (p<0.05), but at 4°C, T, levels did not differ between 
dams with or without their pups. T, levels were higher in 
non-lactating than in lactating females at 22°C and 4°C 
(p’s<0.01). 


DISCUSSION 


During acute cold exposure, mother rats defended their 
body temperature, while non-lactating females did not. The 
chronic increase in maternal metabolism may facilitate their 
acute response to cold stress, allowing them to maintain their 
body temperature relatively stable under such conditions. 
This ability was observed even when the mothers were with- 
out their litters. 

The limited corticosterone rise by lactating females in the 
cold is consistent with other work showing a decreased 
pituitary-adrenal responsiveness to stress by Norway rats 
during lactation [19,21]. The acute rise in maternal cortico- 
sterone, however, could facilitate the maintenance of mater- 
nal thermal homeostasis in a cold ambience. 

Although pups stimulate prolactin release at the normal 
laboratory ambience, mothers with pups had lower levels of 
prolactin than mothers without pups during acute cold expo- 
sure. Since we did not monitor mother-young interactions at 
this ambience, it is unclear how pup presence affected the 
maternal prolactin secretion. Mothers can nevertheless de- 
fend their body temperature under both conditions. Our 
finding that prolactin levels in non-lactating females are unaf- 
fected by acute cold exposure are in agreement with that 
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found in male Wistar rats [10]. Male Sprague-Dawley rats, 
though, decrease prolactin secretion after two hours of cold 
exposure [2,16]. 

Two hours of cold exposure did not increase T, levels in 
non-lactating females. Hefco, Krulich, Illner and Larsen [4] 
found a slight but significant increase in T, levels in males 
after two hr at 6°C, but Kuhn, Bellon, Huybrechts and Heyns 
[10] found an increase only after three hr at 4°C. Since un- 
published observations from our laboratory indicate that T, 
increased in non-lactating females after four hr of cold expo- 
sure, perhaps two hr of cold exposure was insufficient time 
to provoke an increase in T, in non-lactating females. 

Importantly, lactating females can increase their T, pro- 
duction in the cold. The increased thyroid secretion in the 
cold ambience may facilitate the defense of the chronically 
elevated maternal temperature. It has been proposed that the 
normally low T, levels at 22°C reflect an inability of the 
lactating female to sequester iodine in competition with the 
mammary gland and kidneys [6, 13, 14]. The data presented 
here, however, are consistent with alternate hypotheses for 
the mechanism underlying the normal decrease in maternal 
thyroid secretion. One such hypothesis is that the chronic 
elevation of maternal core temperature [7, 22, 23] induces a 
compensatory decrease in T,. The responsiveness of the 
thyroid system to the cold, however, appears to be func- 
tional, if not normal during lactation. 
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WHEN a mother rat comes in contact with her pups, she 
occludes a portion of her ventral surface that is normally 
available for heat loss. The loss of that avenue for heat 
dissipation eventually induces an acute increase in maternal 
temperature that forces her to interrupt pup contact [42]. 
Since contact bouts can be limited by acute maternal hyper- 
thermia, bout duration can be affected by changes in mater- 
nal heat load. For example, mothers housed in a low ambient 
temperature can increase the duration of their contact bouts 
[42]. Similarly, contact with many pups, heavy pups or old 
pups decreases maternal heat loss and curtails contact bout 
duration [12, 26, 42, 63]. 

Mother rats are vulnerable to acute hyperthermia because 
their heat load is chronically high [34], a situation that ap- 
pears to be induced by hormonal mechanisms. Maternal 
progesterone and corticosterone are normally elevated dur- 
ing lactation [58, 66, 68] and suppression of these hormones 
by ovariectomy and adrenalectomy chronically decreases 
maternal temperature [74]. Such mothers do not experience 
acute hyperthermia during pup contact and they have pro- 
longed bouts [74]. Neither ovariectomy alone nor adrenal 
demedullation lowers maternal temperature chronically, but 
removing the entire adrenal gland decreases maternal tem- 
perature and increases maternal contact time [42]. 

Glucocorticoids, such as cortisol or corticosterone, restore 
both the chronically high maternal temperature and brief 





contact bouts to adrenalectomized-ovariectomized mothers. 
Therapy with aldosterone, the dominant mineralocorticoid, 
or progesterone, the precursor of the mineralo- and 
glucocorticoids, does not increase maternal temperature 
chronically [74]. Glucocorticoids therefore are needed for 
the chronic increase in maternal temperature [75]. Experi- 
mental elevation of the chronic heat load of adrenalec- 
tomized-ovariectomized mothers without glucocorticoid re- 
placement also causes them to be vulnerable to acute hyper- 
thermia during contact bouts [74]. These data suggest that 
glucocorticoid affects contact behavior by chronically in- 
creasing maternal heat load. 

While progesterone does not increase maternal tempera- 
ture chronically, it may raise maternal thermal set point, 
causing mothers to defend a high body temperature [75]. 
Indeed, mother rats will defend their chronically elevated 
heat load by seeking out a warm area [35]. 

In the following experiments, we continued our study of 
the mechanisms that mediate the chronic increase in mater- 
nal temperature. We first assessed the effects of 
progesterone on the thermal set point of female rats. We then 
studied the metabolism of lactating and non-lactating females 
to determine whether the chronic increase in maternal tem- 
perature is caused by an increase in maternal heat produc- 
tion. We next studied the effects of corticosterone on mater- 
nal metabolism. We then asked whether thyroid hormones, 
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FIG. 1. a. Mean preferred floor temperature on the thermocline of 
ovariectomized females implanted with progesterone or chlores- 
terol. b. Mean core temperatures before and after the thermocline 
test. SEMs are shown in all figures. 
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which can increase heat production in some circumstances 
[16, 59, 72], increase maternal heat production. We also 
asked whether brown adipose tissue and mammary tissue are 
sites of hormone action for increasing maternal heat load. 


EXPERIMENT 1. PROGESTERONE AND THERMAL 
SET POINT 


If progesterone raises thermal set point, as has been 
suggested [75], female rats with high progesterone levels 
should increase their body temperature by physiological or 
behavioral means. To test this hypothesis, we implanted 
progesterone into non-lactating females to mimic the high 
progesterone levels of lactation [68,75]. Since these females 
may not have had the capacity to increase heat production 
chronically, we gave them the opportunity to use an external 
heat source to raise their temperatures. 


METHOD 


Sixteen non-lactating female Wistar rats (Charles River 
Breeders) were housed individually in polyethylene cages 
(34x21 18 cm) and allowed ad lib access to Wayne Labora- 
tory Chow and water. The ambient temperature was main- 
tained at 22+ 1°C and the lights came on at 0800 hr for 12 hr. 
Animals were bilaterally ovariectomized under ether 
anesthesia through small lateral incisions. No rats were 
shaved in any surgical procedure in this study to minimize 
heat loss. We then implanted capsules of progesterone sub- 
cutaneously into eight females and cholesterol capsules into 
eight others. The capsules were prepared by packing crys- 
talline progesterone or cholesterol (Sigma) into 4.5 cm seg- 
ments of silastic medical tubing (3.4 mm i.d. x 4.6 mm o.d.) 
and sealing them with silastic medical adhesive (Dow Corn- 
ing). Similar progesterone implants produce high levels of 
the hormone in ovariectomized rats [46]. The capsules were 
soaked overnight in 5% ethanol/saline solution prior to im- 
plantation. 

Animals were allowed to recover for seven days and then 
were placed on a thermocline with a 0.6 cm copper floor 
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(166 16 cm) and aluminum walls (14 cm high). An electric 
coil heated one end of the cooper floor and an ice bath cooled 
the other end, producing a thermal gradient from 8.9+0.1°C 
to 38.9+0.1°C. The ambient temperature was 22+1°C. 
Twenty photocells were mounted along the thermocline to 
record the position of the rat during the test period. A mic- 
rocomputer (Commodore VIC 20) recorded the position of 
the animal each second and then calculated the percent time 
Spent at each point during the test. The position of the rat on 
the thermocline was recorded for two hr following a 30-min 
habituation period. The temperature of each animal was re- 
corded before and after each test with a probe (YSI 423) that 
was placed four cm into its rectum. 


RESULTS 


Females with progesterone implants preferred higher 
floor temperatures than controls, #(14)=3.00, p<0.01 (Fig. 
la). While the two groups did not differ initially, by the end 
of the test, progesterone-implanted females had higher core 
temperatures than controls, t(14)=5.6, p<0.01 (Fig. 1b). 


DISCUSSION 


Mother rats have high progesterone levels [68,75] and re- 
main in an area warm enough to defend their high body tem- 
peratures [35]. When high progesterone levels were imposed 
on non-lactating ovariectomized females, the thermal choice 
common to both intact lactating and non-lactating females 
[35] was restored. The increased body temperatures of 
progesterone-treated females is consistent with the idea that 
progesterone increases their thermal set point. 

Although progesterone has been reported to cause an en- 
dogenous increase in the body temperature of female rats 
[49,56], the increase is transient. Colonic temperature peaks 
during the first week of progesterone administration, de- 
creasing rapidly thereafter, even at high doses [49]. Our 
females were tested a week after progesterone implantation 
and they did not have chronically high temperatures. While 
progesterone may have lost its ability to increase body tem- 
perature chronically through endogenous mechanisms at the 
time of testing, it nevertheless induced the females to in- 
crease their temperatures when they had an external heat 
source. That they did so is consistent with the notion that 
their thermal set points were elevated. 

An endogenous increase in temperature does not neces- 
sarily accompany an increased thermal set point, a situation 
illustrated by animals with fevers. A fever is characterized 
by an elevated thermal set point that may be accompanied by 
an elevated body temperature [65]. While adult mammals 
with a fever can increase their body temperatures by endog- 
enous means, ectotherms and young mammals must increase 
their temperatures by seeking out an external heat source 
[61,71]. Similarly, if progesterone-treated female rats were 
unable to sustain high levels of heat production for a week, 
their body temperatures would not have been elevated at the 
start of our test, despite an elevated set point. Since the 
females used the external heat source to increase their body 
temperatures, though, it suggests that their thermal set points 
were elevated. It would be interesting to test females during 
the first week following progesterone implantation. 

Other data also suggest that progesterone may increase 
thermal set point. For example, temperature preferences of 
women increase during the time of the menstrual cycle when 
both progesterone and body temperature are high [14]. Fur- 
thermore, progesterone decreases the firing rates of warm- 
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FIG. 2. Mean oxygen consumption per gram body weight of lactating and non-lactating females at 4°C, 
22°C and 26°C during the light and dark phases of the cycle. Mean core temperatures before and after 


two-hr oxygen consumption test are shown below. 


sensitive preoptic area neurons when the hypothalamus of 
rabbits is heated [54]. Since more heat is required to evoke a 
similar amount of neural activity in these cells, this response 
pattern suggests an increased thermal set point. 


EXPERIMENT 2. HEAT PRODUCTION BY 
LACTATING AND NON-LACTATING FEMALES 


Maternal temperature may increase chronically because 
dams increase their heat production and/or heat retention. 
To determine whether increased maternal temperature in- 
volves an increase in heat production, we compared the heat 
production of lactating and non-lactating females at 22°C, the 
laboratory ambience at which maternal body temperature is 
normally chronically elevated. 

We also wanted to study lactating and non-lactating 
females under different ambient conditions to determine 
whether differences in metabolism would be sustained dur- 
ing thermal challenges. For example, non-lactating females 
increase their metabolism during acute cold exposure [23], a 
response that may not be necessary or possible if mothers 
have a chronically high metabolism. To understand the mat- 
ernal response to the cold, we compared metabolic rates and 
body temperatures of lactating and non-lactating females in a 
cold ambience (4°C). 

Mothers are more vulnerable to hyperthermia than non- 
lactating females at high ambient temperatures [34,38], 
perhaps because dams are unable to suppress a chronically 
high metabolism or to increase their heat loss rate. To 
understand the maternal response to environmental heat, we 
measured the metabolism and temperature changes of lactat- 
ing and non-lactating females in a moderately high ambience 
(26°C). 
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FIG. 3. a. Mean oxygen consumption per gram body weight of 
adrenalectomized-ovariectomized dams implanted with cholesterol, 
corticosterone or progesterone and sham-operated controls. b. 
Mean core temperature of dams before and after oxygen consump- 
tion measurements. 


At night, mother rats increase their body temperatures 
and physical activity while they decrease pup contact time 
[41]. Since this diurnal behavioral and physiological pattern 
would be expected to interact with heat production and re- 
tention, we tested each female during both the light and dark 
phases of the cycle. 
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FIG. 4. a. Mean plasma levels of thyroxine (T,) in lactating and 
non-lactating females. b. Mean plasma levels of triiodothyronine 
(T;) in lactating and non-lactating females. 


METHOD 


Thirty lactating and 30 non-lactating Wistar female rats 
(Simonsen) were used in this experiment. Lacting females 
were housed with their litters in individual polyethylene 
cages (34x21x18 cm) lined with wood chips. Litters were 
standardized at eight pups, one day postpartum. Non- 
lactating females were housed in pairs in polyethylene cages 
(34x29x17 cm). Housing conditions were as described 
above and will be the same for all experiments in this report. 


Oxygen Consumption 


We recorded the colonic temperature and weighed each rat. 
Each was then placed into a one-gallon airtight metal con- 
tainer, painted black on the inside. The container stood in an 
environmental chamber (Unitherm) and dried air was 
pumped into it at 1150 ml/min. After the outlet air was re- 
dried and carbon dioxide was removed, the oxygen content 
was measured in an open-circuit system (Model S3-A, 
Applied Electrochemistry; see [15,31]). During the next 
hour, the output of the oxygen analyzer was printed out on a 
chart recorder. Temperatures were again recorded at the end 
of the test. The mean ml O,/g body weight of each animal for 
the entire test period was then calculated (see [31]). 


Treatments 


We measured the oxygen consumption of ten non- 
lactating and ten lactating females at 4°C, 22°C and 26°C. 
Lactating females were tested on days 10-11 postpartum 
(day of birth=day 0). Each animal was tested once between 
1000 and 1300 hr (day) and once between 2100 and 2400 hr 


(night) at one ambience. The experimental design was coun- 
terbalanced 


Statistical Analysis 


A one-way analysis of variance (ANOVA) was performed 
by collapsing data across all groups for each ambient tem- 
perature. This analysis was followed by individual group 
comparisons with Tukey’s W procedure or Student’s f test. 
Metabolic rate, body temperature of the female at the be- 
ginning of each test and the change in body temperature over 
the course of the test were considered separately. 
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FIG. 5. a. Mean daily core temperature of thyroidectomized, 

thyroidectomized+T,, thyroidectomized+T,+PTH and sham- 

operated controls. b. Mean daily time spent by the dams in contact 

with their pups. 





RESULTS 


A. Daytime 


The metabolic rate of lactating females during the day at 
22°C was 17.3% higher than that of non-lactating females, 
t(18)=2.90, p<0.01 (Fig. 2). The initial temperature of lactat- 
ing females was also higher than that of non-lactating females 
at this ambience, t(18)=3.44, p<0.01. 

At 4°C, the metabolic rates of lactating and non-lactating 
females were higher than at 22°C and 26°C (F(2,117)=190.47, 
p<0.01, Tukey’s W 4°C > 22°C = 26°C, p<0.01). There were 
no differences in the metabolic rates of lactating and non- 
lactating females, but the body temperatures of lactating 
females decreased less than those of non-lactating females at 
this ambience, 1(18)=3.3, p<0.01. 

At 26°C, lactating females had higher metabolic rates than 
non-lactating females, 1(18)=2.74, p<0.05. Body tempera- 
tures did not change during the test period in any group, but 
the initial temperatures of the lactating females were consis- 
tently higher than those of non-lactating females, t(18)=3.93, 
p<0.01. 


B. Nighttime 


At 22°C, there was no difference in metabolism between 
lactating and non-lactating females, but the body tempera- 
tures of lactating females were higher than those of their 
non-lactating counterparts, ¢(18)=3.13, p<0.01. 

At 4°C, non-lactating females had higher metabolic rates 
than lactating females, t(18)=3.1, p><0.01, and the body tem- 
peratures of lactating females decreased more than those of 
non-lactating females, t(18)=2.47, p<0.05. 
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FIG. 6. a. Mean daily maternal weight expressed as a percentage of 
preoperative (day 1) weight of thyroidectomized, thyroidec- 
tomized+T,, thyroidectomized+T,+PTH and sham-operated con- 
trols. b. Mean daily food intake. c. Mean daily water intake. 


At 26°C, the overall metabolic rates of lactating and non- 
lactating females were no different, although individual 
comparisons revealed that non-lactating females had lower 
metabolic rates at 26°C than at 22°C. Neither group had a 
Significant temperature change over the course of the test 
period, but lactating females had higher initial temperatures 
than non-lactating females at 26°C, 1(18)=2.50, p<0.05. 


C. Day-Night Differences 


The metabolic rates of both lactating and non-lactating 
females were higher at night than during the day at 22°C 
(t’s(9)=2.81 and 5.15, p<0.025 and p<0.01, respectively). 
Moreover, both lactating and non-lactating females had 
higher body temperatures at nighi than during the day 
(t’s(9)=2.35 and 2.65, respectively, p’s<0.05). 

Non-lactating females had higher metabolic rates at 4°C 
during the day than at night, 1(9)=2.36, p<0.05. We did not 
observe such a difference in lactating females. 

There was no day/night difference in the metabolism of 
lactating females at 26°C, but the metabolic rates of non- 
lactating females were higher at night than during the day, 
t(9)=2.41, p<0.05. 


DISCUSSION 


Mother rats increase both heat production and retention 
to produce their chronically high body temperatures. During 
the day, both lactating and non-lactating females raise their 





WEIGHT/PUP (g) 





PUP TEMPERATURE (°C) 


O Thyroidectomized 

4 Thyroidectomized +T4 

© Thyroidectomized + Tq +PTH 
@ Control 








SES Ae. ee ee aa 
> 6-F @eeca. ees 
DAYS POSTPARTUM 


FIG. 7. a. Mean daily individual weight change of pups housed with 
thyroidectomized, thyroidectomized+T,, thyroidectomized+T,+ 
PTH and sham-operated dams. b. Mean daily pup temperature. 





heat production to comparable levels in response to acute 
cold stress. This increase in metabolism allows lactating, but 
not non-lactating females to maintain their body tempera- 
tures. Since heat production of lactating and non-lactating 
females is similar, but only mothers can maintain their body 
temperature, they must be better able to retain heat during 
the day. The fact that mothers increase heat retention when 
they increase heat production supports the idea that they 
have an elevated thermal set point. 

At night, non-lactating females produce more heat than 
lactating females in the cold and thereby can maintain their 
body temperature. Even though lactating females produce 
the same amount of heat throughout the night and day, they 
cannot maintain their body temperature at night in the cold. 
Maternal heat loss therefore increases at night. Mothers 
leave the nest for much of the night [40,41] and their in- 
creased motor activity would further increase their heat pro- 
duction. Their increased nocturnal heat loss may help them 
to avoid hyperthermia and thereby facilitate the performance 
of essential nighttime activities. During cold nights, their in- 
creased heat production and increased huddling with the 
pups [42] should allow them to maintain a high body tem- 
perature. 

During the day, mothers are relatively inactive, spending 
most of their time in contact with their young [13,41]. The 
increased daytime heat retention may allow them to keep 
warm without having the heat that is generated by their 
nighttime activities. 
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FIG. 8. a. Mean daily maternal weight expressed as a percentage of 


day 1 weight of food-deprived and control dams. b. Mean daily 
maternal core temperature. 
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Non-lactating females decreased their metabolic rate in 
the warm ambience, but lactating females did not. These 
data are consistent with the finding that non-lactating 
females develop hyperthermia more slowly than lactating 
females [34,38]. 


EXPERIMENT 3. EFFECTS OF CORTICOSTERONE 
AND PROGESTERONE ON MATERNAL 
METABOLISM 


We next considered the suggestion that adrenal steroids 
are needed for the increase in maternal heat production [75]. 
Consistent with this suggestion are data showing that 
adrenalectomy-ovariectomy decreases maternal temperature 
and increases contact bout duration [42]. Replacement with 
corticosterone, but not progesterone, restores both the high 
maternal temperature and the progressive decline in contact 
time of controls [74]. If corticosterone is necessary for in- 
creasing maternal heat production, then adrenalectomy 
should decrease maternal metabolism and corticosterone 
replacement should restore it. Progesterone replacement 
would not be expected to increase heat production. 


METHOD 


Subjects and Treatments 


One day postpartum, the litters of fifty Wistar dams 
(Simonsen) were culled to eight pups and ten dams were 
assigned to each of five groups. All animals in the first four 
groups were ovariectomized and adrenalectomized through 
two mid-dorsal incisions. Mothers in the fifth group were 
subjected to a sham operation. We anesthetized the females 
with ether and kept them warm during surgery and recovery. 
We implanted a corticosterone pellet, a cholesterol pellet, 16 
progesterone capsules or 16 cholesterol capsules into 
adrenalectomized-ovariectomized mothers. The pellets were 
placed subcutaneously in the interscapular region. Four cap- 
sules were placed subcutaneously on each side of both the 
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FIG. 9. a. Mean daily individual weight changes of pups housed with 
food-deprived and control mothers. b. Mean daily pup temperature. 
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thoracic and lumbar regions. Adrenalectomized mothers had 
0.9% saline to drink and Wayne Laboratory Chow to eat. We 
switched litters daily between experimental and colony 
mothers to ensure the health of the pups. 


Hormone Implants 


Corticosterone pellets were made by melting 100 mg of 
crystalline corticosterone (Sigma) into a wax well. Such pel- 
lets release about 3 mg corticosterone each day for up to 15 
days [52]. Similar pellets were made from cholesterol. We 
made the progesterone implants by packing 24 mg crystalline 
progesterone (Sigma) into 12.5 mm lengths of silastic tubing 
(1.57 mm i.d. x 2.41 mm o.d.) and sealing them with medical 
adhesive (Dow Corning). Implantation of eight such capsules 
increases circulating progesterone levels to 50 ng/ml [6]; 
using 16 capsules assured high progesterone levels in our 
females. Cholesterol-filled capsules were prepared in the 
same way. 


Statistical Analysis 


We analyzed the data with a one-way ANOVA for un- 
equal N. Group comparisons were made using Scheffe’s 
method. The cholesterol groups were combined for the 
analysis because there were no significant differences be- 
tween the two groups. 


RESULTS AND DISCUSSION 
The metabolic rates of the groups differed overall, 
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FIG. 10. Mean daily core temperature of dams with their brown 
adipose tissue removed and dams subjected to the sham operation. 


F(3,46)=3.39, p<0.05, and cholesterol-implanted adren- 
alectomized-ovariectomized females had significantly lower 
metabolic rates than sham-operated animals (p<0.01; Fig. 
3). Corticosterone replacement was required to restore heat 
production and body temperature to the high levels of the 
sham-operated females (Fig. 3). The progesterone-replaced 
group did not differ from either the sham-operated or the 
cholesterol-implanted animals. These data indicate that cor- 
ticosterone, but not progesterone, is necessary for increasing 
maternal heat production. 

Adrenalectomy also decreases body temperature and 
metabolic rate of non-lactating rats [7], thereby decreasing 
their ability to withstand cold ambient temperatures [50]. 
Replacement with corticosterone to such females restores 
normal heat production and body temperature [30,48]. 
Glucocorticoids may also be necessary for heat retention in 
non-lactating females [47,48], suggesting that these hor- 
mones may increase heat retention in mother rats. 


EXPERIMENT 4. THYROID HORMONE LEVELS 
DURING LACTATION 


While corticosterone may increase metabolism directly, it 
may also act permissively by being necessary for another 
factor to increase maternal metabolism. One candidate for 
such a factor is thyroxine (T,), which increases during cold 
stress and can increase the metabolism of non-lactating rats 
[8, 32, 37, 59, 72]. If T, is elevated during lactation, it may 
mediate the chronic increase in maternal heat load. Previous 
studies of thyroid secretion during lactation, however, have 
produced conflicting results. Early reports that thyroid se- 
cretion rate increases [25] have been contradicted by more 
recent studies, with more accurate assay procedures, indi- 
cating that thyroid secretion actually declines during lacta- 
tion [44,45]. 

If T, levels are suppressed during lactation, its active cel- 
lular metabolite triiodothyronine (T;; [57]) may mediate the 
chronic increase in maternal heat production. Since cellular 
T; is presumed to be in equilibrium with plasma Ts, circulat- 
ing levels of that hormone are used to estimate cellular T, 
[57]. Circulating T; levels, though, also have been reported 
to be lower in lactating than non-lactating females [24]. Be- 
fore we ruled out thyroid hormones as a factor contributing 
to maternal hypermetabolism, however, we measured T; and 
T, levels in our mother rats. 


METHOD 


On day ten postpartum, eight lactating Wistar females 
nursing eight-pup litters and eight non-lactating females 
(Simonsen) were decapitated and exsanguinated at 1400- 
1500 hr. Blood was allowed to clot at room temperature and 
then centrifuged at 4°C to obtain plasma. Samples were then 
stored at —70°C. 
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T, and T, levels were determined by radioimmunoassay 
using the antisera and protocols provided by Endocrine Sci- 
ences (Tarzana, CA). Nonspecific binding in both assays 
was less than 3% and the intra-assay coefficient of variation 
was less than 7%. 


RESULTS AND DISCUSSION 


The data do not support the idea that thyroid hormones 
mediate maternal hypermetabolism. Lactating females had 
significantly lower T, levels than non-lactating females, 
t(14)=2.25, p<0.05 (Fig. 4a). The T, levels are similar to 
those found with the competitive protein binding technique 
[45]. 

T; levels were similar in lactating and non-lactating 
females (Fig. 4b). Although these levels were higher overall 
than those reported in either lactating or non-lactating 
Sprague-Dawley females [24], Kuhn ef al. [39] also found 
that strain to have lower T; levels than Wistar rats. Since 
neither T, nor T, increases during lactation, it is unlikely that 
either could mediate the increase in maternal metabolism. 


EXPERIMENT 5. THYROID SECRETIONS, 
MATERNAL METABOLISM AND BEHAVIOR 


Despite our T, and T, measurements, it was still possible 
that thyroid hormones increase maternal metabolism. For 
example, there may have been periodic hormone surges dur- 
ing lactation that were undetected by our assays. Alterna- 
tively, tissue sensitivity to thyroid hormones may increase 
during lactation. To rule out such possibilities, we measured 
body temperature in thyroidectomized mothers and in 
thyroidectomized mothers that received T, replacement. 
Since thyroidectomy damages the parathyroid gland [21], we 
also measured these parameters in thyroidectomized females 
that were given both T, and parathyroid hormone (PTH) 
replacement therapy. We monitored contact behavior to de- 
termine whether any chronic temperature changes were re- 
flected in mother-young interactions. The body weights of 
mothers and pups, as well as the food and water intake of the 
mothers, were recorded each day to obtain additional infor- 
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FIG. 12. a. Mean daily skin temperature of pups housed with 
6-hydroxydopamine- and vehicle-injected mothers. b. Mean daily 
change in pup weight. 





mation about the energetic state of thyroidectomized 
mothers. 


METHOD 


Wistar females (Simonsen), weighing 275-325 g on the 
day after birth, reared their litters of eight pups in cages 
designed to record maternal behavior continuously [13]. 
Each plastic cage (34x 29x 17 cm) was fitted at one end with 
a nest box (11 14x8 cm) that could be counterbalanced to 
accommodate the weight of growing litters. When the 
mother entered the nest box, the tray tilted and closed a 
microswitch that was interfaced with a microcomputer 
(Commodore VIC 20). After a five-sec delay, the computer 
recorded the time of contact bout initiation, bout duration, 
daily bout number and daily contact time. We analyzed con- 
tact bouts of longer than ten min because it is these bouts 
that appear to be thermally limited [35]. 

Ad lib Wayne Laboratory Powder and water were avail- 
able to all animals, but neither was accessible from the nest 
tray. Food was placed in heavy glass dishes that could not be 
overturned and water was provided in inverted graduated 
cylinders fitted with drinking spouts. Daily consumption of 
both food and water was recorded. We recorded maternal 
colonic temperature daily as described above. We recorded 
pup skin temperature by placing a flat thermistor (YSI 408) 
against the sternum of a randomly selected pup from each 
litter. We also weighed mothers and pups each day. 


Treatments 


Twenty-four dams were thyroidectomized one day 
postpartum. We anesthetized the dams with a mixture of 
0.97% sodium pentobarbital and 4.25% chloral hydrate (0.3 
cc/100 g body weight, IP). We then exposed the trachea and 
carefully removed the thyroid gland bilaterally. Ten of these 
dams received daily injections of saline SC. Seven dams re- 
ceived daily injections of 1.75 wg T,/100 g body weight SC to 


ADELS AND LEON 


replace the dominant thyroid secretion. Seven more dams 
received 20 units PTH, in addition to the same dose of T,, to 
replace both the thyroid and parathyroid secretions. Eight 
females were subjected to a sham operation by exposing the 
trachea without removing the thyroid gland. The pups were 
switched daily between each of these mothers and a colony 
mother to ensure equivalent pup stimulation among the 
groups. 


Data Analysis 


A two-way ANOVA with repeated measures was per- 
formed for all analyses. Since some contact-bout data were 
lost due to occasional equipment malfunction, the data were 
averaged for each subject over days 3-4, 5-6, 7-8, 9-10, 
11-12 and 13-14. The Geisser-Greenhouse conservative F 
test was then used to determine the significance levels of the 
obtained F ratios. Individual comparisons between groups 
were made using Scheffe’s S method. 


RESULTS 


The groups differed significantly in maternal body tem- 
perature, F(3,28)=26.53, p<0.01 (Fig. 5a). Thyroidec- 
tomized mothers were cooler than sham-operated dams dur- 
ing the first postpartum week (p<0.01). Thyroidectomized 
dams given T, were cooler than sham-operated dams 
(p<0.01), but thyroidectomized dams given both T, and PTH 
were as warm as sham-operated dams (p<0.01). 

There was no difference in the number of bouts longer 
than ten min that were initiated by the dams. There were, 
however, differences in contact time between groups, 
F(3,28)=4.25, p<0.01 (Fig. 5b). Sham-operated mothers 
spent less time with their pups than any of the other groups 
during the second week postpartum (p<0.01). The contact 
time of thyroidectomized dams given T, and PTH injections 
also declined during the second postpartum week (p<0.01). 

There were significant differences among the groups 
when maternal weight was normalized to a percentage of 
day-one weight, F(3,28)= 15.83, p<0.01 (Fig. 6a). Here again, 
thyroidectomized dams given both T, and PTH did not differ 
significantly from the sham-operated dams, but both 
thyroidectomized dams and thyroidectomized dams receiv- 
ing only T, lost more weight during lactation than sham- 
operated dams (p<0.05 and p<0.01, respectively). 

The groups differed in both food and water intake, 
F(3,28)=16.60 and 10.77, p<0.01 (Fig. 6b and 6c). 
Thyroidectomy decreased food and water intake (p<0.01) 
and the replacement hormones did not restore either param- 
eter to control levels (p<0.01). 

There were also significant differences in pup weight gain, 
F(3,28)=12.78, p<0.01 (Fig. 7a). The pups gained more 
weight with sham-operated dams than with any other group 
(p<0.01). Pups gained more weight when they were housed 
with mothers receiving both T, and PTH than when they 
were housed with mothers receiving only T, or saline. This 
difference was not statistically significant using Scheffe’s 
method, but when the less conservative Duncan’s test was 
used, we found that pups gained significantly more weight 
with thyroidectomized mothers that received both T, and 
PTH replacement than with thyroidectomized mothers with- 
out hormone replacement (p<0.05). Pup temperature also 
differed among groups, F(3,28)=20.77, p<0.01 (Fig. 7b). 
Thyroidectomized mothers given T, and PTH kept their pups 
as warm as sham-operated dams. Pups with thyroidec- 
tomized dams were cooler than pups with sham-operates, 
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FIG. 13. a. Mean daily individual weight change of pups housed with 
mammectomized and sham-operated dams. b. Mean daily pup skin 
temperature. 


even when the dams had T, replacement (p<0.01, p<0.05 
respectively). 


DISCUSSION 


Removal of the thyroid gland and part of the parathyroid 
gland decreased maternal temperature and milk production; 
T, did not reverse these deficits. T, together with PTH, how- 
ever, partially restored both milk production and maternal 
temperature. These data suggest that PTH, either in concert 
with thyroid hormones or alone, may contribute to both milk 
production (see also [3,21]) and the maintenance of maternal 
temperature. This suggestion should be further evaluated by 
studying a thyroidectomized group with just PTH replace- 
ment. While the mechanism for the action of PTH on mater- 
nal temperature is unclear, it may be mediated by its action 
on milk production. 

Thyroidectomized mothers and thyroidectomized dams 
given T, were cooler than sham-operated mothers and did 
not increase pup contact time during the second postpartum 
week. Both sham and thyroidectomized mothers given T, 
and PTH injections had chronically high body temperatures, 
although the shams had consistently higher temperatures. 
Both groups progressively decreased pup contact time dur- 
ing the first two weeks postpartum, although the shams had a 
much greater decrease in contact time. The contact behavior 
of the mothers was consistent with the thermal hypothesis of 
contact bout limitation [42]. Other factors also may have 
‘influenced the pattern of mother-young contact. 


EXPERIMENT 6. FOOD RESTRICTION 


Hormone replacement following thyroidectomy did not 
completely reverse the effects of the operation on maternal 
temperature and milk production. It seemed possible that 
some other mechanism contributed-to the decrease in milk 
production and body temperature. One major difference be- 
tween the groups was that thyroidectomized females ate 
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FIG. 14. a. Mean daily food intake of mammectomized and sham- 
operated dams. b. Mean daily water intake. 


much less than controls. Since this difference could decrease 
both milk production and maternal temperature [43], we re- 
corded the temperatures of intact females that were allowed 
to eat no more than thyroidectomized dams. 


METHOD 


Eight lactating Wistar rats (Simonsen) with litters of eight 
were housed as previously described and were fed the daily 
mean amount of Wayne Laboratory Powder eaten by the 
thyroidectomized females in Experiment 5. Another eight 
mothers continued to have ad lib food. Pups were switched 
daily between the two groups. Daily measures of food in- 
take, water intake, maternal temperature, pup temperature, 
maternal weight and pup weight were recorded as described 
in Experiment 5. 


RESULTS AND DISCUSSION 


Food-deprived mothers lost more weight during lactation 
than controls, F(1,14)=361.19, p<0.01 (Fig. 8a). Pups lost 
weight while with food-restricted mothers, but gained weight 
when they were with control dams, F(1,14)=652.64, p<0.01 
(Fig. 9a). Pups were also much cooler with the food-deprived 
dams, F(1,14)=42.58, p<0.01 (Fig. 9b). The body tempera- 
ture of food-deprived dams was no different from controls 
(Fig. 8b). 

The decrease in maternal temperature after thyroidec- 
tomy appears not to be caused by decreased food intake. 
Since this level of food restriction did not decrease maternal 
temperature, but a less severe level of food-restriction regi- 
men did [43], maternal temperature may be differentially af- 
fected by different levels of food intake. 


EXPERIMENT 7. BROWN ADIPOSE TISSUE AND 
MATERNAL HEAT PRODUCTION 


If corticosterone does not act permissively to allow 
thyroid hormones to increase maternal heat load, perhaps 
corticosterone is needed to allow brown adipose tissue 
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FIG. 15. a. Mean daily maternal core temperature in mammec- 
tomized and sham-operated dams. b. Mean daily mother-young con- 
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(BAT) to be activated during lactation. BAT is specialized for 
the production of heat [55,64] and normally is activated in a 
cold ambience or after eating (22, 37, 55, 60, 64]. While BAT 
has receptors that concentrate glucocorticoids [20], these hor- 
mones appear to decrease BAT activity. Specifically, 
glucocorticoids decrease norepinephrine turnover and con- 
tent in BAT [28,70], decrease responsiveness to norepi- 
nephrine activation of BAT heat production [28], increase 
the accumulation of lipids and glycogen [2, 18, 28, 36, 51], 
and decrease mitochondrial enzyme activity in BAT [28]. 

Similarly, glucocorticoids are high but BAT heat produc- 
tion appears to be suppressed during lactation [1, 33, 66, 69]. 
Cytochrome oxidase leveis and GDP binding capacity of 
BAT mitochondria, both measures of heat-production po- 
tential, are also low during lactation [33]. Norepinephrine 
also fails to increase heat production in maternal BAT to the 
extent that it does in non-lactating females [33]. 

Since BAT is the only specialized heat-producing organ in 
mother rats, it seemed important to study its role further 
before rejecting the possibility that BAT mediates maternal 
heat production. It is possible, for example, that BAT 
produces heat early in lactation but may exhaust that capac- 
ity by mid-lactation when the above correlations were made. 
We therefore removed the largest of the BAT pads from 
mothers and compared their temperatures to those of sham- 
operated mothers. 


METHOD 


One day postpartum, eight females Wistar mothers 
(Simonsen) with litters of eight had their interscapular BAT 
removed and eight others were subjected to a sham opera- 
tion. All animals were anesthetized with sodium pentobarbi- 
tal and chloral hydrate, as described above, and were kept 
warm during surgery and recovery. 
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FIG. 16. a. Mean oxygen consumption (ml/g body weight/hr) of 
mammectomized and sham-operated dams on day 10 postpartum. b. 
Mean oxygen consumption per animal. 


Beginning on day two, we recorded maternal tempera- 
ture daily at 1300-1500 hr as described above. We also 
measured food and water intake, maternal weight, pup tem- 
perature and the change in pup weight to determine whether 
there were any metabolic changes that affected the mother- 
young interaction in the absence of BAT. Litters were ex- 
changed daily between a BAT-removed and a sham-operated 
mother. Data were analyzed by a two-way ANOVA with 
repeated measures. 


RESULTS AND DISCUSSION 


Removal of the interscapular BAT on day one of lactation 
neither reduced maternal temperature (Fig. 10), nor did it 
cause any other significant difference between groups. BAT 
does not seem to play a role in increasing heat production 
during lactation. 


EXPERIMENT 8. CHEMICAL SYMPATHECTOMY 
DURING LACTATION 


It still was possible that BAT influenced maternal heat 
production if the other BAT pads compensated for the loss of 
the interscapular tissue. Since surgical removal of all BAT is 
not technically feasible, we attempted to suppress its func- 
tion by blocking the neural transmission to it. We gave 
mothers 6-hydroxydopamine (6-OHDA) to suppress the ad- 
renergic neurotransmission that activates BAT [55,67]. We 
then compared body temperatures of 6-OHDA- and vehicle- 
injected mothers. We also recorded maternal contact behav- 
ior, maternal body weight, maternal food and water intake, 
as well as pup body weight and pup skin temperature. 


METHOD 


Thirteen lactating Wistar females (Simonsen) were 
housed in cages designed to record mother-young contact 
continuously (see Experiment 5). Daily measurements of 
food and water intake, maternal and pup temperature as well 
as maternal and pup weight were recorded as described 
above. Pups were switched daily between a 6-OHDA mother 
and a control dam. 

6-OHDA (Sigma) was dissolved in 0.9% saline with 0.1 
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FIG. 17. Mean body weight of mammectomized and sham-operated 
dams before and after removal of their mammary tissue. 


mg/ml ascorbic acid. We injected six females with 50 mg/kg 
body weight 6-OHDA SC on days one and two postpartum, a 
dose that depletes the noradrenergic innervation of Norway 
rat BAT [67]. Seven control animals were injected with the 
vehicle. 

All data were analyzed by a two-way ANOVA with re- 
peated measures. Contact time and frequency were averaged 
over two-day periods and then subjected to a Geisser- 
Greenhouse conservative F test. Maternal weight is reported 
as a percent of day-one weight. 


RESULTS AND DISCUSSION 


Injections of 6-OHDA did not affect maternal tempera- 
ture (Fig. 11a). Mothers injected with 6-OHDA spent some- 
what more time with the pups, but that difference was not 
statistically significant (Fig. 11b). There were no differences 
between the groups in contact bout frequency, food and 
water consumption, maternal weight or pup temperature 
(Fig. 12a). 

Pups gained less weight with 6-OHDA dams than with 
controls, F(1,12)=7.7, p<0.05 (Fig. 12b). Since chemical 
sympathectomy suppresses the mobilization of the fatty 
acids and glucose [47] that are needed for milk production, 
such actions may have mediated the decrease in pup growth. 

The data presented here are consistent with the literature 
indicating that BAT does not increase maternal heat produc- 
tion. To the contrary, BAT heat production during lactation 
is suppressed [33,73]. 


EXPERIMENT 9. MAMMARY CONTRIBUTION TO 
HEAT PRODUCTION 


If BAT is not responsible for a glucocorticoid-mediated 
increase in maternal heat production, perhaps these hor- 
mones increase mammary metabolism. Glucocorticoids are 
necessary for lactation [9, 10, 11] and if milk synthesis in- 
creases maternal heat production, the hormone effects may 
be mediated by their effects on lactation. Indeed, Brody and 
his coworkers [4] suggested that maternal hypermetabolism 
is entirely due to the synthetic costs of milk production (but 
see [5]). Denckla and Bilder [17], however, found no differ- 
ence between the metabolic rates of mammectomized and 
sham-operated mother rats. Since all the dams in that study 
were anesthetized during the oxygen consumption tests, and 
since anesthesia decreases heat production in rats [62], 
differences between the groups might have been masked. To 
assess that possibility, we recorded the temperatures and 
heat production of awake mammectomized and sham- 
operated mother rats. Pup and maternal weight, pup tem- 
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FIG. 18. Proposed model for the mechanism underlying the chronic 
elevation in maternal heat load. 











perature, maternal food and water intake were measured to 
assess maternal physiology in the absence of mammary tis- 
sue. 

While mammectomized mothers continue to have contact 
behavior qualitatively similar to controls [53], there has been 
no quantitative description of their contact patterns. We 
therefore monitored mother-young contact patterns in 
mammectomized and sham-operated dams. 


METHOD 


Two Wistar females were weaned from each of eight lit- 
ters, 24 days after birth. One female was mammectomized 
and her littermate was subjected to a sham operation. They 
were then housed together in a polyethylene cage 
(34x 29x17 cm) under the conditions described above. 

Females were mated at 90 days and allowed to give birth 
in individual cages designed to record mother-young contact 
continuously (see Experiment 5). Maternal food intake, 
water intake, colonic temperature, as well as pup weight 
and temperature, were recorded as described above. Litters 
were switched daily between a mammectomized mother and 
a sham-operated control. 

On days 10-11 postpartum, the oxygen consumption of 
each mother was measured as in Experiment 2. All metabolic 
measurements were made at 22°C between 1000-1500 hr. To 
verify the mammectomies, mothers were sacrificed with a 
pentobarbital. overdose on day 14. The bodies of all mothers 
and the mammary tissue from the sham-operated females 
were weighed at that time. Data were analyzed by a two-way 
ANOVA with repeated measures. 


RESULTS 


No mammary tissue was found in the mammectomized 
females upon postmortem examination. Pups lost weight and 
had low skin temperatures while they were with mammec- 
tomized mothers (F’s(1,14)=349.01, 19.2, respectively, 
p’s<0.01; Figs. 13a and 13b). The food and water intake of 
mammectomized mothers was significantly less than that of 
sham-operated controls (F’s(1,14)=11.29 and 21.95, respec- 
tively, p’s<0.01, Figs. 14a and 14b). Sham-operated mothers 
increased their food and water intake during the first two 
weeks postpartum, while mammectomized females did not 
(F’s(13,182)=5.89 and 13.22 respectively, p’s<0.01). 

Body temperatures of mammectomized dams were no dif- 
ferent from those of sham-operated mothers (Fig. 15a). 
Mammectomized mothers spent more time with their pups 
than did controls, F(1,12)=48.8, p<0.01 (Fig. 15b). Control 
mothers progressively decreased their contact time, while 
mammectomized females did not (day group interaction, 
F(6,184)=9.19, p<0.01; Fig. 15b). The number of contact 
bouts longer than ten min did not differ, either between 
groups or as lactation progressed. 
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Groups did not differ in metabolic rates per gram body 
weight (Fig. 16a), although controls consumed more oxygen 
per animal than mammectomized dams, t(14)=2.23, p<0.01 
(Fig. 16b). This difference was due to the higher body weight 
of controls, F(1,14)=16.44, p<0.01, which was due to the 
weight of their mammary tissue (Fig. 17). 


DISCUSSION 


Mammary tissue does not appear to be more hyper- 
metabolic than other maternal tissues, since heat production 
per gram body weight was unaffected by its removal. Loss of 
mammary tissue also did not decrease maternal temperature. 
The heat produced by mammary tissue may be offset by the 
increased peripheral vascularization that accompanies lacta- 
tion [29]. 

Despite their normal body temperatures, mammec- 
tomized mothers spent more time in contact with their pups 
than control dams. In the absence of continuous temperature 
recordings to determine whether such mothers were sub- 
jected to periodic acute increases in temperature, there are 
several factors that could have produced this behavior pat- 
tern. Pups were cooler and weighed less when they were 
with mammectomized mothers and those dams were lighter 
than controls. These factors would decrease both the heat 
load of mammectomized dams and their vulnerability to 
acute hyperthermia during pup contact. 


SUMMARY 


In this monograph, we have evaluated several factors for 
their contribution to the chronic elevation of maternal heat 
load and the evidence is consistent with the model sum- 
marized in Fig. 18. We suggest that developing pups stimu- 
late their mothers to release both prolactin and ACTH, 
which then increase progesterone and corticosterone, re- 
spectively. The progesterone may then increase maternal 
thermal set point and the corticosterone may be needed for 
increasing heat production and retention. Maternal heat load 
would thus be chronically elevated, making the dams vulner- 
able to acute hyperthermia during pup contact. 

Corticosterone does not appear to act on a specific target 
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tissue, but may increase general tissue metabolism by either 
a direct or a permissive action. If corticosterone acts per- 
missively, another factor may also be critical for the in- 
creased maternal heat production. Thyroid hormones do not 
appear to play such a role, but parathyroid hormone may 
contribute to normal maternal heat production and lac- 
togenesis. Recent evidence raises she possibility that the 
oxytocin that is secreted during lactation may contribute to 
the chronic increase in maternal temperature [19]. 

Brown adipose tissue, the major heat-producing organ in 
the rat, appears to be inactive during lactation. Mammary 
tissue is apparently not any more hypermetabolic than other 
body tissues and contributes to maternal heat production 
only by increasing the amount of heat-producing tissue. 

Mothers pay a high energetic cost to maintain the hyper- 
metabolism of lactation, yet they defend their elevated body 
temperature [35]. Moreover, the heat load is not simply a 
necessary byproduct of milk production, but is maintained 
by endocrine factors, even in the absence of lactation. What 
then is the benefit to the mothers of maintaining this chroni- 
cally high heat production? 

One possibility is that milk production occurs more effi- 
ciently at higher body temperatures. Alternatively, periodic 
hyperthermia may give dams the opportunity to acquire the 
increased amount of food required for lactation. High mater- 
nal temperature also may allow dams to maintain pup tem- 
perature efficiently. By keeping the pups warm, she may 
lower pup, and thereby maternal nutritional needs, while 
maintaining an adequate pup growth rate. 

Maternal absences allow the young to cool periodically 
[42]. Since acute cold exposure facilitates the development 
of pup thermoregulatory competence [27], periodic maternal 
absences may aid the pups in their development of indepen- 
dence. 

It is also possible that the brain must be chronically warm 
during lactation to allow neural responses necessary for lac- 
tation. For example, heating the preoptic area changes 
paraventricular and periventricular neuronal firing rates [50]. 
Since the neural activity in these areas is necessary for the 
secretion of antidiurectic hormone and oxytocin, a chroni- 
cally high maternal brain temperature may be required to 
obtain these critical secretions of lactation. 
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Editorial 


The introduction of the new Software Survey Section to 
Physiology & Behavior is to encourage the open exchange of 
information on software programs unique to our professional 
field. With the rapid penetration of computers into academic 
and industrial institutions has come a parallel increase in the 
number of scientists and researchers designing their own 
software. The existence of much of this software remains 
unknown to even those of us who could most benefit from its 
use. We believe that it is of vital importance to our readers 
that such information be made available. We believe also 
that a professional journal is the best place to share such 
information. Your contribution would be most welcome. 

The questionnaire on the following page is designed to 
assist you in reporting on software that you may have devel- 
oped or be in the process of developing. By completing this 
form, your information will reach thousands of your col- 
leagues who may benefit from your work and may possibly 
offer suggestions for further enhancements to your software. 
Please complete the enclosed form and return it to: 


Dr. Matthew J. Wayner 

Division of Life Sciences 

The University of Texas at San Antonio 
San Antonio, Texas 78285 


We do not intend to review or comment on the contents of 
the questionnaire. It will be published as is, in the next avail- 
able issue, in order to expedite the information cycle proc- 
ess. I would welcome any comments you may have. 





Physiology & Behavior 
SOFTWARE DESCRIPTION FORM 


Title of Software Package: 











Itis:[ ] Application Program { ] Utility [ ] Other 
Specific Area: (e.g., Thermodynamics, Inventory Control) 
Software developed for [name of computer(s)] 
in [language(s)] to run under [operating system] 
and is available in the following media: 

















[ ] Floppy Disk/Diskette Specify: 
Size Density [ ] Single siding {[ ] Dual siding 
[ ] Magnetic Tape Specify: 
Size Density Character set 
Distributed by: 
Minimum Hardware Configuration Required: 
Required Memory: 
User Training Required: [ |] Yes [ ] No 
Documentation: 
[ ] None [ ] Minimal [ J]Self-documention [ ] Extensive External Documentation 
Source Code Available: [ | Yes [ ]No 
Level of Development: 
[ ] Design Complete [ ] Coding Complete [ ] Fully Operational 
[ ] Collaboration would be welcomed 
Is software being used currently? [ ] Yes [ ]No 
If yes, how long? 
If yes, how many sites? 
Contributor is available for user inquiries? [ ] Yes [ ]No 
Description of what Software does [200 words]: 














Potential Users: 
Fields of Interest: 
Name of Contributor: 
Institution: 
Address: 




















Telephone Number: 
Reference number [Assigned by Journal Editor] 
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BIERLEY, R. A., S. L. HUGHES AND W. W. BEATTY. Blindness and play fighting in juvenile rats. PHYSIOL 
BEHAV 36(2) 199-201, 1986.—Play behavior of blinded and sighted juvenile rats was measured using the brief paired- 
encounter procedure. Dyads of sighted-sighted, blind-blind, or sighted-blind rats were observed in a large or small chamber 
on alternate days for ages 28 through 43 days. Blinded rats played as frequently as sighted rats regardless of pair composi- 
tion or chamber size. Vision is not essential for initiating or maintaining play fighting. 


Vision Play fighting Social behavior 


Juvenile rats 





PLAY fighting is an important aspect of the social behavior 
of juvenile mammals of many species [1, 4, 8]. Although the 
functions of social play for the development of adult behav- 
ior remain a subject of much debate [1, 4, 8, 12], few con- 
temporary workers believe that play has no long-term con- 
sequences. 

The neurobiological basis of play is also poorly under- 
stood (see [6,14] for recent reviews). Although hormone 
[2,6], pharmacological [9, 10, 15] and lesion [2,10] manipula- 
tions of neural tissue have been undertaken, we know almost 
nothing about how the brain directs play behavior. This is 
not surprising since present knowledge of the sensory inputs 
that elicit and initiate play fighting is quite incomplete as 
well. Panksepp et al. [10] reported that subcutaneous injec- 
tion of local anesthetics into the dorsal surface of the neck 
and upper back reduced play fighting. This suggests that 
tactile inputs from this region stimulate play, but the details 
of their influence are not yet known. 

Presumably inputs from the distal sensory systems (vis- 
ual, auditory, olfactory) are also important since animals 
must come into physical contact with one another before a 
play bout can begin. Somewhat surprisingly neither periph- 
eral anosmia [14] nor olfactory bulbectomy [3] disrupt play 
when some animals in a play group are untreated, although 
play is reduced when both animals in a pair are made 
anosmic [14]. 

Thor and Holloway [14] report that juvenile rats display 
rapid hopping and darting movements similar to that of ma- 
ture estrous females in the presence of a mature male and 
these movements seem to attract and engage other juveniles 
in play. These data indicate that visual cues might also be 
important in the elicitation and guidance of play behaviors. It 
should be noted that a distinction can be made between 
conditions which modulate play (e.g., light vs. darkness) and 
those which manipulate vision directly. We chose to study 
the direct contribution of vision on play elicitation by observ- 
ing play behavior in blinded and sighted rats under the con- 
ditions of red illumination which are optimal for eliciting 
play. 


METHOD 
Animals and Surgery 


Subjects were 42 male albino rats obtained from the 
Holtzman Co., Madison, WI at 21 days of age. It is presumed 
that the animals were raised under normal colony conditions 
at Holtzman and were therefore not play naive. Approx- 
imately 12 days after eye opening, at 23 days of age, half the 
rats sustained bilateral enucleation performed under Chloro- 
pent anesthesia (Fort Dodge Labs; 3 ml/kg). After the eyes 
were removed, the wounds were packed with Surgicell 
(Johnson and Johnson) to control bleeding. Two rats in the 
blinded group died from respiratory failure during surgery. 
Since previous studies in this laboratory (e.g., [2]) indicated 
that there were no effects of sham operations or anesthesia 
on play, controls (N=21) were untreated. Throughout the 
experiment the rats were caged singly with free access to 
food and water in an air-conditioned animal room (22+3°C) 
that was illuminated from 0800-2100. Testing occurred dur- 
ing the daylight portion of the L:D cycle. 


Apparatus 


Testing occurred in two observation chambers; both were 
made of plywood painted flat black with a clear plastic front. 
The small chamber measured 51 x 3247 cm high. The large 
chamber measured 74x74x46 cm. Both chambers were il- 
luminated by 2 60 W red bulbs mounted 74 cm above the 
floor. There is considerable evidence that rodents, including 
albino rats, can see in red light (see [7] for references). We 
chose red light because there is less disturbance of ongoing 
activity than with white light [5]. 


Procedure 


Two days after surgery groups of 8 rats were placed into 
the large chamber for 30 minutes. Each group contained both 
blind and sighted animals. Behavior was not scored as the 
purpose of this procedure was to accustom the blind rats to 
moving about the environment and socially interacting in the 
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absence of sight. This procedure was repeated on the next 2 
days. 

Starting on the next day (Day 28) and continuing for 16 
days the rats were tested in pairs for 10 min each day. On 
alternate days testing occurred in the large and small cham- 
bers. Test pairs consisted of 2 blind rats (B-B, N=6), 2 
sighted rats (S-S, N=7) or 1 sighted and 1 blind rat (B-S, 
N=7). Once formed the pairs remained intact for the dura- 
tion of the experiment. During the experiment one blind rat 
from a B-S pair and one sighted rat from an S-S pair devel- 
oped respiratory disease. Data from these pairs were ex- 
cluded leaving 6 pairs in each condition. 

Two observers recorded the number of pins (one rat has 
its dorsal surface to the floor with the other rat standing over 
it) and rears (paws raised at least 1 cm off the floor). Each 
observer scored | rat; the particular rat of the pair scored by 
each observer was counterbalanced across sessions. This 
procedure seemed warranted because interrater reliabilities 
were high (r=0.97 for pins; r=0.98 for rears) when two ob- 
servers scored the same rats during a single session. 


RESULTS 


As seen in Table 1, neither blinding nor the size of the 
observation cage exerted major influences on pins or rears. 
Data for total pins and total rears per pair were subjected to a 
mixed model ANOVA (3 vision conditions x 2 observation 
cages X 8 sessions). The main effect of vision condition (S-S, 
B-B or B-S) was not significant for either pins or rears (both 
F<1). There was no observation cage (small vs. large) effect 
for pins, F(1,45)=2.30, p>0.05, but the observation cage ef- 
fect was significant for rears, F(1,45)=15.05, p<0.001. 
Examination of the data revealed that animals in all vision 
conditions reared more in the small cage during the first 
three sessions of testing but not thereafter. Since the cage x 
sessions interaction was not significant (F<1) and the cage 
effect disappeared after three sessions little significance can 
be attached to this finding. The main effect of sessions as 
significant for both pins, F(7,315)=4.76, p<0.001, and rears, 
F(7,315)=7.25, p<0.001. The data for pins showed the typi- 
cal age related inverted U pattern reported by Panksepp, 
Jalowiec, DeEskinazi and Bishop [9]. There was no consis- 
tent pattern in the rears data; rears were relatively high on 
sessions | and 4 and relatively low on sessions 5 and 6 ac- 
counting for the overall significant F. Interactions for vision 
condition < sessions and vision condition x cage were not 
significant for either pins (both F<1.34) or rears (both F<1). 
A similar analysis (2 vision conditions x 2 observation cages 
x 8 sessions) was conducted for the subjects in the mixed 
pair (B-S) group. This analysis yielded the same pattern of 
results reported above. Blind rats pinned and reared as fre- 
quently as their sighted partners. 


DISCUSSION 


The occurrence of a play bout obviously requires that 
information about the location (and possibly other charac- 
teristics) of potential play partners be received and proc- 
essed by the animal that ultimately initiates the encounter. 
While somatosensory inputs from the neck appear to play an 
important role in arousing play fighting once the animals 
make contact [9], it seems clear that information from one or 
more of the distal sensory systems must be involved as well. 
The present findings demonstrate that the integrity of the 
visual system is not essential to normal play fighting. 

Several features of the present experiment make this a 
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TABLE 1 


MEAN* AND STANDARD ERROR OF THE MEAN OF PERFORMANCE 
FOR PAIRS OF BLIND AND SIGHTED RATS 








Treatment 
Arena Size B-B B-S S-S 
Pins 

Small 29.94 27.22 37.13 
2.60 2.06 2.69 

Large 29.11 23.84 36.45 
1.91 1.89 2.80 

Rears 

Small 34.55 40.05 39.54 
2.54 2.52 2.00 

Large 29.36 29.48 28.34 
1.65 1.56 1.67 





*Values are the average for 8 tests in each arena. 


relatively strong conclusion. First, tests were conducted 
using socially deprived animals. Social deprivation strongly 
stimulates play fighting among juvenile rats [10,15] creating 
conditions that are maximally sensitive to detecting a deficit 
in play. Under nearly identical testing conditions we and 
others have observed deficits on various indices of play fight- 
ing including pinning following administration of many dif- 
ferent drugs [10,15]. Second, blind rats played as frequently 
as sighted controls even when both partners were blind. 
Under these conditions any decrease in play initiation by a 
blind rat could not be masked by a compensatory increase in 
play by its sighted partner. In fact no such changes occurred 
among the mixed pairs. Finally, blindness had no effect on 
play even when tests were conducted in the large arena 
which was sufficiently spacious so that adventitious contacts 
between play partners were unlikely. Clearly vision is not 
necessary for normal play in juvenile rats. 

Earlier work indicates that olfaction is probably not criti- 
cal either. When play is studied in mixed pairs (one intact 
and one anosmic rat) or in a group cage containing 34 
anosmic rats and a like number of intact controls, neither 
olfactory bulbectomy nor infusion of zinc sulfate affects play 
[3,14]. Some influence of olfaction cannot be ruled out since 
when both partners are rendered anosmic by zinc sulfate 
treatment, play is significantly reduced [14]. 

Recently Siviy and Panksepp (personal communication) 
have observed that peripheral deafening reduces play fight- 
ing suggesting that among the distal senses audition may be 
the most important for controlling this behavior. Assuming 
Panksepp’s findings are reproducible they may imply that 
juvenile rats emit some sort of vocalization that invites 
others to play. While explicit play signals have not been 
described in the rat, they are known to exist among rhesus 
monkeys [13]. To the human observer rat play bouts are 
usually silent events. The only sound is an occasional squeal 
after a particularly vigorous round of pinning or mouthing of 
the neck. However, many of the vocalizations made by rats 
during mating and other social interactions are ultrasonic and 
hence inaudible to humans [8,11]. Panksepp’s recent obser- 
vations concerning the play of deafened rats suggest that the 





VISION AND PLAY FIGHTING 


search for ultrasonic vocalizations in the context of juvenile 
play might prove quite rewarding. 

As noted in the introduction, a clear distinction can be 
made between lighting conditions that modulate play and 
manipulations that mediate visual cues. In the current study, 
rats were tested under conditions that have proven optimal 
for facilitating play. Since rats are nocturnal creatures, it is 
not surprising that red lighting, which minimally reduces 
darkness, is ideal for observing play. Panksepp et al. [10] 
have reported that white light significantly depresses play. A 
reasonable prediction is that this modulatory effect would 


201 


not be exerted on blind rats. That is, blinded rats might 
actually play more than sighted rats under conditions of 
white light. Such an outcome would be consistent with the 
current finding that visual detection of a play partner is not 
necessary to initiate play. 
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McCARTHY, M. M., AND F. S. VOM SAAL. Inhibition of infanticide after mating by wild male house mice. PHYSIOL 
BEHAV 36(2) 203-209, 1986.—The effect of mating on the behavior of male house mice (Mus musculus) toward young has 
been examined in numerous domestic stocks of mice, and the somewhat contradictory results led us to examine the 
effects of mating on the behavior of wild male mice toward young. The wild mice were the F,—F, offspring of mice trapped 
in Missouri. Virtually all wild males exhibit infanticide prior to mating, but virrually all wild males were inhibited from 
exhibiting infanticide 3 weeks after mating whether they were placed into the cage of their former mate and her litter or into 
the cage of an unfamiliar female and her litter, similar to the effect of mating on the behavior of CF-1 male mice toward 
young. In contrast, wild males that had exhibited infanticide prior to mating were inhibited from exhibiting infanticide 3 
weeks after mating when placed with their former mates and their 2-day-old young but not when placed with unfamiliar 
females and their 2-day-old young. When wild males were tested for their behavior toward young using the procedure of 
placing a single pup into each male’s home cage, mating did not result in an inhibition of infanticide (about 90% of the males 
exhibited infanticide). Cohabitation with a female without mating also did not influence the behavior of wild males toward 
young. Wild males that exhibited infanticide when placed with a lactating female produced their own young more rapidly 
than did noninfanticidal males, thus providing further support for the hypothesis that under some conditions, infanticide 
can be an adaptive trait. But, virgin, infanticidal males took significantly longer to inseminate the females whose litters had 
been killed than did infanticidal males with prior sexual experience. 

Infanticide Parental behavior 


Sexual behavior Paternal care 





IN studies conducted with domestic stocks of house mice 
(Mus musculus), it has been reported that previously infan- 
ticidal male mice are inhibited from exhibiting infanticide 
(the killing of preweanling young) after mating [2, 9, 27, 28]. 
In CF-1 mice this period of inhibition of infanticide occurs 
between 12 and 50 days following mating, after which most 
males exhibit infanticide. It appears, therefore, that mating 
serves to inhibit male mice from exhibiting infanticide at 
almost the exact times (+ a few days) that males would be 
likely to encounter their own preweanling young. There is 
also a facilitation of infanticide within the first 4 days after 
mating in CF-1 male mice that behaved parentally toward 
young prior to mating. Ejaculating during coitus (rather than 
the act of mounting, intromitting, or just cohabiting with a 
female but not mating) serves to induce these changes in the 
behavior of CF-1 male mice toward young after mating [27]. 

There has been some controversy as to exactly what 
mechanism inhibits infanticide in male mice around the time 
their young are likely to be present. In one recent report by 





Elwood and Ostermeyer [5], the finding by vom Saal [27] 
that the act of ejaculating inhibits infanticide was not rep- 
licated; instead, mating and continued cohabitation with the 
female partner was reported as being necessary for an inhi- 
bition of infanticide to occur in CS-1 male mice. But, Elwood 
[4] was unable to confirm his previous finding, and, instead, 
reported that mating alone served to significantly inhibit in- 
fanticide by 13 days after mating. In addition, Elwood [4] 
reported that for a significant increase in parental behavior to 
be observed, mating as well as cohabitation with the female 
for 1 day after mating was required. Thus, Elwood con- 
cluded that some aspect of the interaction between the male 
and the female during the first day after mating served to 
facilitate parental behavior after mating (see also, [6]. 

The sexual-competition hypothesis proposes that male 
mice exhibit infanticide when competition between males for 
access to receptive females makes it advantageous for one 
male to kill the offspring of another male. This type of infan- 
ticide is believed to have evolved due to sexual selection as 
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defined by Darwin [24]; sexually-selected traits in males in- 
crease their ability to either attract or gain access to females. 
The sexual-competition hypothesis of infanticide leads to 
three testable predictions, which were first outlined by Hrdy 
[8]. First, infanticide by males must result in a shortened 
birth interval in females whose litters are killed by the males. 
Second, infanticidal males must avoid killing their own off- 
spring, and third, infanticide must be, at least in part, 
mediated genetically and thus heritable [28]. In the present 
studies we tested the first two predictions of this model 
utilizing both CF-1 and wild-type male mice. 

It is always risky to speculate concerning the adaptive 
significance to animals living in the wild of a behavior that is 
only observed in a domesticated species, and previously we 
had only examined infanticide in domestic stocks of mice. 
This led to the question as to whether the phenomenon of 
mating-induced inhibition of infanticide would also be ob- 
served in wild male mice when tested utilizing two different 
procedures. Whether familiarity with the prior female part- 
ner would be found to mediate this phenomenon in wild male 
mice was also examined, since in some domestic stocks of 
mice [9] but not others [28], familiarity with the nursing 
female appears to play a role in determining whether males 
exhibit infanticide after mating. 


METHOD 


Animals and Housing 


Wild house mice (Mus musculus) were trapped using 
Sherman live traps in an abandoned building in a field on the 
Charles W. Green Experimental and Research Wildlife Man- 
agement Area located on Boone County, Missouri. Approx- 
imately 100 mice were originally trapped (roughly 40 males 


and 60 females) and were then bred (one male and one female 
per cage) in a closed colony in which no brother-sister mat- 
ings were allowed. The F,—F, offspring of the wild mice were 
utilized in the present experiments. These animals are re- 
ferred to as wild-type mice, since they do not represent a 
random sampling of wild mice (about 20% of the pairs of 
wild-trapped mice did not produce young when mated in the 
laboratory). The litters were weaned at 23 days of age and 
then housed in same-sex groups until 5 days prior to the 
beginning of an experiment. All wild-type males were be- 
tween 90-120 days old at the time of testing. 

CF-1 albino house mice were used in some of the experi- 
ments. A breeding stock of CF-1 mice was purchased from 
Charles River Farms (Wilmington, MA) in 1979 and ran- 
domly bred in a closed colony. These animals were raised 
and tested utilizing the same procedures described for the 
wild mice. 

All animals were housed in rooms maintained at 23+1°C 
on a 12:12 light:dark cycle with lights on at 0600 hours. 
Animals were housed in polypropylene cages (18x29x 13 
cm) with aspen bedding. Purina breeder chow and water 
were available ad lib. 


Testing Procedure 


There has been some concern about the manner in which 
rodents should be tested for infanticide [6]. Two alternative 
testing procedures have predominated. Either a male mouse 
has been isolated and allowed to adapt to his cage, after 
which one or two pups were placed into each males’ cage 
and his behavior toward them has been reported (cf. [16, 22, 
27, 28]), or, alternatively, a male has been taken from his 
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home cage and placed into the cage of a lactating female and 
her litter, and his subsequent behavior toward the litter has 
been reported (cf. [9, 11, 12, 16, 28]). 

Both of the above testing procedures were utilized in the 
present studies. In the first testing procedure, one 2-day-old 
pup was quietly placed into the corner of the cage of a 
singly-housed male, and the animals were left undisturbed 
for 30 min. If the male was found in the nest hovering over 
the pup and the pup was warm, the behavior was recorded as 
‘*parent;’’ if the pup had been killed, the behavior was re- 
corded as ‘‘infanticide’’ and if the pup was cold but un- 
harmed, the behavior was recorded as ‘‘untouched.”’ It has 
been observed that isolated male mice from domestic 
stocks do not behave differently toward pups of different 
strains [23], and wild male mice trapped in Israel do not 
behave differently toward wild or domestic-stock mouse 
pups [10]. In addition, previous studies with wild-type male 
and female mice in our colony revealed that they also do not 
behave differently toward laboratory stock and wild-type 
pups [14, 15, 16]. Therefore, all testing of isolated animals 
was done with CF-1 mouse pups. 

The second testing procedure involved the test male being 
placed into the cage of a lactating female and her litter. 
Wild-type males were always placed with wild-type females 
and their pups while CF-1 males were always placed with 
CF-1 females and their pups. If after 14 hr the pups were 
found dead, the behavior of the test male was recorded as 
‘*infanticidal.’’ If the pups were found alive, the behavior of 
the test male was recorded as ‘“‘noninfanticidal.’’ The litter 
sizes were not standardized to avoid having to remove the 
lactating females from their cages, since this procedure re- 
sults in about 25% of wild-type females exhibiting infanticide 
when they are returned to their cages [15], but no litter that 
contained fewer than 4 pups or more than 7 pups was 
utilized. On the second day after delivering (when most 
males were tested using this procedure), a female mouse no 
longer is in postpartum estrus, which occurs during the first 
night after parturition. Maternal aggression (intense aggres- 
sion toward male or female mice that come near the nest 
area) is first observed on Day 3 in female mice [21]. On the 
second day after parturition, we have observed that a lactat- 
ing wild-type female mouse does not actively defend her 
litter and does not engage in mating behavior. But, by seven 
days after parturition females exhibit aggression toward 
males that are placed into the females’ cages [16]. 

In these experiments infanticidal males always killed the 
entire litter of a female rather than just a few pups. There- 
fore, when the litter of a lactating female was killed by a test 
male, a single infanticidal event was considered to have oc- 
curred. The inappropriate use of the death of each pup in a 
litter as an independent act of infanticide by other inves- 
tigators [9, 11, 12] has greatly complicated interpreting the 
results of these studies. 


RESULTS 


I. Influence of Sexual Experience on Infanticide in Wild- 
Type Males Tested with Novel or Familiar Females 


The purpose of this experiment was to determine if the 
phenomenon of mating-induced inhibition of infanticide that 
has been observed in CF-1 male mice would also be ob- 
served in wild-type males. It has been proposed that infanti- 
cidal males may avoid killing their own offspring by recogni- 
tion of their former mate rather than by direct recognition of 
the young [9]. If some sort of recognition system were to 
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FIG. 1. Wild-type males were pretested for their behavior toward a 
single 2-day-old pup that was placed into each males’ home cage for 
30 min, and only males that exhibited infanticide on this pretest were 
used (PRE-TEST INFANTICIDE GROUP; 87% exhibited infan- 
ticide on the pretest). Other wild-type males were not pretested for 
infanticide (NO PRE-TEST GROUP). All pretested and non- 
pretested males were then mated with a female, and when a male’s 
prior female partner delivered young, the male was placed back into 
the cage of the prior partner (familiar female) and her 2-day-old 
litter or into the cage of a novel female and her 2-day-old litter. The 
behavior toward young was recorded as ‘‘infanticide’’ if the litter 
was killed and ‘‘noninfanticidal’’ if the litter was unharmed. The 
percent of each group of males that were infanticidal and noninfan- 
ticidal is presented. Group sizes are: NO PRE-TEST GROUPS: 
NOVEL FEMALE=20, FAMILIAR FEMALE=10. PRE-TEST 
INFANTICIDE GROUP: NOVEL FEMALE=21, FAMILIAR 
FEMALE=!5. 


operate to inhibit infanticide toward specific pups, it is rea- 
sonable to propose that recognition of a prior mate might be 
involved. 

To examine this hypothesis, virgin, wild-type males were 
paired with females and allowed to cohabit for 2 weeks, after 
which the males were isolated. The females were then ob- 
served for the day of parturition. On the second day after 
parturition, the wild-type males whose mates delivered 
young were placed into a cage containing either the female 
with which they had mated, referred to as a ‘‘familiar’’ 
female, or a cage containing a female that the male was unre- 
lated to and had not been paired with, referred to as a 
‘**novel’’ female. The cage of each female was changed be- 
tween the time of removal of the male partner and delivery in 
order to eliminate any olfactory cues other than those emit- 
ted by the female and her litter. 

Ten wild-type males were placed into the cage of their 
former mates and their litters, and none of these males ex- 
hibited infanticide. Twenty wild-type males were placed into 
cages with novel females and their litters, and one of these 
males (5%) exhibited infanticide (Fig. 1). The results of Ex- 
periments II and VI (see below) revealed that most virgin, 
wild-type males (88%-94%) placed into the cage of lactating 
females and their 2-day-old young exhibited infanticide. 
Therefore, wild-type males were inhibited from exhibiting 
infanticide 3 weeks after mating, and the inhibition of infan- 
ticide was not dependent on recognition of the female with 
which the male had mated. 
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II. The Influence of Cohabitation with a Female without 
Mating on Infanticide by Virgin, Wild-Type Males 


Other studies of the regulation of infanticide in laboratory 
stocks of mice have led to the hypothesis that cohabitation 
with a female rather than mating plays a role in the inhibition 
of infanticide that we have observed after mating in both 
wild-type and CF-1 male mice [4,5]. The purpose of this 
experiment was to determine if a period of cohabitation with 
a female without mating with her would result in an inhibi- 
tion of infanticide in naive, virgin, wild-type male mice. 

Adult, virgin males were paired with females that had 
been ovariectomized, and the males and females remained 
together for 3 weeks. None of the ovariectomized females 
were observed to be attacked or wounded during this period. 
After 3 weeks the males were housed individually. Three to 5 
days later, the males were placed into the cages of lactating, 
wild-type females and their 2-day-old litters. The animals 
were examined after 14 hr and of the 17 males tested, 88% 
exhibited infanticide (the entire litters were killed) while 
12% were noninfanticidal. Cohabiting with an ovariectomized 
female for 3 weeks thus did not have an inhibitory effect on 
infanticide in wild-type male mice. 


III. Influence of Prior Experience Exhibiting Infanticide on 
the Behavior of Wild-type Males toward Young after Mating 


Prior experience exhibiting infanticide has been shown to 
be without effect on the inhibition of infanticide and facilita- 
tion of parental behavior between 2 and 7 weeks after mating 
in sexually-experienced, isolated, CF-1 males. In addition, 
mating per se inhibited infanticide and facilitated parental 
behavior in CF-1 males [27,28]. Elwood and Ostermeyer [5] 
and Elwood [4] only tested CS-1 male mice with prior expe- 
rience exhibiting infanticide and reported that mating alone 
did not facilitate parental behavior although infanticide was 
inhibited. This difference between CF-1 and CS-1 males in 
the effect of mating on infanticide and parental behavior 
could thus be the result of an interaction between prior 
experience exhibiting infanticide and mating in terms of the 
behavior of males toward young. The purpose of this exper- 
iment was to examine whether prior experience exhibiting 
infanticide would influence the inhibition of infanticide 3 
weeks after mating in wild-type male mice. 

Virgin, wild-type males were tested for infanticide while 
singly housed by placing a pup into each male’s cage (87% of 
the 60 males screened exhibited infanticide). Thirty-six of 
the males that had previously exhibited infanticide were sub- 
sequently paired with a female and allowed to cohabit for 2 
weeks, after which the males were housed individually. Two 
days after a male’s former mate delivered, each male was 
placed into the cage of his former mate or a novel female as 
described in Experiment I. Fifteen males were placed with 
their former mates (familiar females), and 33% exhibited in- 
fanticide toward their own offspring. Twenty-one males 
were each placed with a novel female, and 71% exhibited 
infanticide (Fig. 1). In all cases in which infanticide occurred 
the entire litter was killed; all other males were noninfantici- 
dal toward the entire litter, and none of the pups in the litter 
were harmed. 

Infanticide-experienced males placed with novel females 
tended to be more likely to exhibit infanticide than 
infanticide-experienced males placed with their former 
mates, although the difference was not statistically signifi- 
cant, x*(1)=3.72, p=0.055; this comparison is not statisti- 
cally significant at p<0.05 if the correction for continuity is 
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included in the calculation; ((20], p. 110). But, the 
infanticide-experienced males placed with novel females 
were equally likely to exhibit infanticide (71%) as were the 
males that were allowed to cohabit with an ovariectomized 
female and were then tested with novel lactating females in 
Experiment II (88% exhibited infanticide; x”, p>0.1). In con- 
trast, significantly fewer of the previously-infanticidal males 
placed with familiar females (33%) exhibited infanticide after 
mating than did the males that were allowed to cohabit with 
an ovariectomized female and were then tested with novel 
lactating females in Experiment II (88% exhibited infan- 
ticide; x*(1)=8.0, p<0.01). 

In terms of the effects of prior experience exhibiting in- 
fanticide on the behavior of wild-type male mice 3 weeks 
after mating, the males with prior experience exhibiting in- 
fanticide that were placed with novel females (71%) were 
significantly more likely to exhibit infanticide than were the 
males with no prior experience exhibiting infanticide that 
were also placed with novel females after mating in Experi- 
ment I, 5% were infanticidal; x7(1)=16.3, p<0.001. In con- 
trast, there was no significant effect of prior infanticide 
experience on the behavior of wild-type males toward young 
when males were placed with their prior mates (in Experiment 
I, 0 of 10 males exhibited infanticide, and in the present 
experiment 5 of 15 male exhibited infanticide; Fisher Exact 
Probability Test, p>0.1). 

With regard to the above Chi Square analyses, it is not 
really appropriate to compare data from males that were 
screened on a pretest with data from males that were not 
pretested for their behavior toward young, since the 
prescreened males do not represent a random sample of 
males. But, only 8 of 60 males that were initially screened for 
their behavior toward young did not exhibit infanticide on 
the pretest. Thus, the large difference in the frequency of 
infanticide between the previously infanticidal males (71%; 
Experiment III) vs. the non-infanticide-experienced males 
(5%; Experiment I) that were placed with novel females is 
not likely to be accounted for based on a sampling bias. But, 
for the males that were placed with familiar females (see Fig. 
1), a sampling bias could account for the smaller (although 
not statistically significant) difference in the frequency of 
infanticide between the males with no pretest for infanticide 
(0%; Experiment I) vs. the males that exhibited infanticide 
on the pretest (33%; Experiment III). 


IV. Influence of Prior Experience Exhibiting Infanticide on 
the Behavior of CF-1 Males toward Young after Mating 


Because the results of Experiment III suggested that 
there might be an effect of prior experience exhbiting infan- 
ticide on the behavior of sexually-experienced wild-type 
males toward young, the identical procedure was repeated 
utilizing CF-1 males. Virgin, CF-1 males were tested for in- 
fanticide while individually housed by placing a pup into 
each male’s cage. The males that exhibited infanticide (about 
‘ 45%, which is typical for this stock; [16, 27, 28, 29]) were 
mated and then tested for their behavior toward young 2 
days after their former mates delivered young using the same 
procedure described in the previous experiment. 

Ten infanticide-experienced, CF-1 males were placed into 
cages with their former mates and their litters, and none of 
the males exhibited infanticide. Twelve infanticide- 
experienced CF-1 males were placed into cages with novel 
females and their litters, and none of the males exhibited 
infanticide. Therefore, in CF-1 males that have previously 
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exhibited infanticide, there is an inhibition of infanticide and 
facilitation of parental behavior 3 weeks after mating 
whether or not the males are placed with novel females or 
their former mates. 


V. The Effect of the Length of Postmating Contact with a 
Female on Infanticide by Wild-Type males Tested in Their 
Home Cages 


Sexually-experienced, CF-1 males have been tested for 
infanticide by placing a pup into the cage of an isolated male 
three weeks after mating or by placing a male into the cage of 
a lactating female on the day of parturition, and infanticide 
was found to be inhibited in these males regardless of the 
testing procedure [27,28]. In addition, CF-1 males were 
inhibited from exhibiting infanticide after mating even when 
separated from the female partner within 2 sec of ejaculating 
[27]. In the previous experiments wild-type males were 
tested by being placed into the cages of nursing females. In 
this experiment wild-type males were tested in their home 
cages for their behavior toward a single pup 3 weeks after 
mating to determine whether the testing procedure would 
influence the behavior of wild-type males toward young after 
mating. About 90% of virgin, wild-type male mice exhibit 
infanticide utilizing either of the above two testing proce- 
dures ([16]; see also Experiments II and VI). We also exam- 
ined whether a short or a long period of postmating cohabi- 
tation with the female partner would influence the behavior 
of wild-type males toward young after mating. 

(A). Wild-type males with a short postmating period of 
cohabitation. Adult, virgin, wild-type males were paired 
with wild-type females, and the females were examined each 
morning for a vaginal plug. When a plug was found, the male 
was removed and housed individually. Mice typically mate 
during the middle of the night around the time that females 
ovulate (about 6 hr after the preovulatory surge in luteinizing 
hormone release at the onset of the dark phase of the light: 
dark cycle; [3,18]). It is likely, therefore, that these males 
were with the females less than 10 hr after mating. Twenty 
days after mating each male whose mate delivered young 
was tested for infanticide by placing a single 2-day-old pup 
into the male’s cage. Of 28 males tested, 86% exhibited in- 
fanticide and 14% behaved parentally. This frequency of in- 
fanticide is not significantly different from that of virgin, 
wild-type males that were previously tested for their behav- 
ior toward young using the same procedure (87% exhibited 
infanticide; see [16]; x?; p>0.1). This finding reveals that 
sexual experience does not inhibit infanticide in wild male 
house mice when the males are tested by placing a pup into 
their home cages and the males are removed from the 
females’ cages shortly after mating. 

(B). Wild-type males with a long postmating period of 
cohabitation. The results of the previous experiment suggest 
that either the procedure of testing in the home cage or the 
absence of a prolonged period of postmating contact with the 
female partner resulted in an absence of the inhibition of 
infanticide 3 weeks after mating in wild-type male mice. In 
this experiment the males were paired with wild-type 
females, and the animals were not disturbed for 17 days, 
after which the males were housed in clean cages. Two days 
after the prior female partner delivered her litter (parturition 
occurs on Day 18 of pregnancy in wild mice), a single 
2-day-old pup (not sired by the test male) was placed into 
each male’s home cage. Of the 12 males tested, 92% exhib- 
ited infanticide and 8% exhibited parental behavior toward 
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the pup. This proportion of males exhibiting infanticide is 
not significantly different from the behavior of sexually- 
naive, wild-type males toward young when tested in their 
home cages (87% exhibited infanticide; see [16]; x?; p>0.1). 
Wild-type males that are tested in their home cages 20 days 
after mating are thus not inhibited from exhibiting infanticide 
regardless of whether they cohabit with the female partner 
for a few hours or for about two weeks after mating. 


VI. The Interval to Produce Young in Infanticidal and 
Noninfanticidal Wild-Type Males 


It has been observed that CF-1 male mice that exhibited 
infanticide when placed with nursing females produced their 
own young more rapidly than did noninfanticidal males [28]. 
In this prior study [28] CF-1 males were placed with lactating 
females on the day that the females delivered. All of males 
were thus able to immediately inseminate the females regard- 
less of whether or not they exhibited infanticide, since the 
males were placed with the females prior to postpartum es- 
trus, which occurs during the night following parturition. 
The interval required for the female to deliver the litter sired 
by the CF-1 males that did not exhibit infanticide was about 7 
days longer than the interval for the delivery of litters sired 
by the infanticidal males [28]. This difference was consistent 
with the duration of embryonic diapause in CF-1 females 
(implantation of embryos is delayed in nursing females that 
become pregnant during postpartum estrus, and the duration 
of time of diapause is a function of the number of pups that 
the female is nursing; [13]). 

In the present experiment the possibility that infanticidal 
wild-type males would produce a litter in a significantly 
shorter period of time than noninfanticidal males was exam- 
ined. This experiment utilized the same wild-type males that 
were tested in Experiment III; some of the males exhibited 
infanticide when placed with a lactating female while other 
males did not kill any of the pups (based on whether the 
males were placed with novel or familiar females). These 
males were placed with the lactating females on the second 
day after parturition (after postpartum estrus). Thus, any 
male that did not exhibit infanticide would not have the op- 
portunity to mate with the female until about the time of 
weaning of her litter, since constant suckling stimulation, 
which is provided by a litter of pups, completely inhibits 
ovulation in house mice as well as most other mammals [19]. 
This testing procedure thus differed from that previously 
used with CF-1 male mice, since the CF-1 males were placed 
with lactating females prior to postpartum estrus [28]. 

Fifteen of the sexually-experienced, wild-type males that 
exhibited infanticide when placed with lactating females in 
Experiment III were chosen at random and allowed to 
cohabit with the test female until a second litter was deliv- 
ered. The mean (+SEM) interval from the time that these 15 
males were placed with the females until the litters sired by 
the test males were born was 24.9+0.4 days (range=22-29 
days), and none of these previously infanticidal males killed 
the litter that they had sired. The 16 noninfanticidal males 
from Experiment III were allowed to cohabit with females 
throughout the time that they were nursing their first litters 
(the pups were removed from the cage when they were 23 
days old). The mean (+SEM) interval from the time that 
these 16 noninfanticidal males were placed with the female 
until the males’ own offspring were born was 38.8+0.4 days 
(two-thirds of the litters were born on Days 38 and 39; 
range =36—44 days; Fig. 2). Therefore, infanticidal wild-type 
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FIG. 2. Wild-type males were placed into the cage of a lactating 
wild-type female and here 2-day-old young. Some of the males had 
mated with other females (sexually-experienced groups; see Exper- 
iment III), while other males had no prior sexual experience. The 
sexually-experienced males were catagorized as to whether they 
were infanticidal (N=15) or noninfanticidal (N=16) when placed 
with the lactating female. Fifteen out of 16 virgin males that were 
placed with the lactating females exhibited infanticide, and only the 
15 males that exhibited infanticide were included in this experiment. 
The mean (+SEM) number of days until the females delivered litters 
sired by the test males is shown. 


males produced their own offspring after a significantly 
shorter interval than did noninfanticidal males, F(1,29)=467, 
p<0.001. Since the males were placed with the females on 
the second day after they delivered, and pregnancy in wild 
mice lasts 18 days, most of the noninfanticidal males insemi- 
nated the females when the nursing young were 20 or 21 days 
old (at which time preweanling young are eating solid food). 
In contrast, the females that had had their litters killed by the 
infanticidal males appeared to have ovulated and mated 6-7 
days after the death of their litters. 

A third group of males was also examined in this experi- 
ment. Sixteen wild-type males that had not previously mated 
with a female or been tested for infanticide were placed with 
lactating females and their 2-day-old young as described 
above, and 15 (94%) of the males exhibited infanticide. The 
proportion of these virgin males that exhibited infanticide is 
not statistically different from the proportion of virgin males 
in Experiment II that exhibited infanticide after cohabiting 
with an ovariectomized female and then tested for infanticide 
by being placed into a cage with a lactating female and her 
2-day-old young (88% exhibited infanticide; x?; p>0.1). 

The 15 virgin males that exhibited infanticide were 
allowed to remain with the test females until the litters that 
they had sired were delivered, and the interval to delivery of 
the litters was calculated. The mean (+SEM) interval to the 
production of their own litters from the time that the males 
were placed with the lactating females (on Day 2 postpartum) 
was 31.1+1.5 days. This interval is significantly longer than 
the interval for the previously described infanticidal males 
with prior sexual experience, N=15, mean _inter- 
val=24.9+0.4 days; F(1,28)=13.7, p<0.01. Both the virgin 
and sexually-experienced males were between 90 and 120 
days old at the time that they were paired with the lactating 
females at the beginning of the experiment, so there was no 
significant difference in the mean age of these 2 groups of 
males at the time of testing. Therefore, infanticidal, virgin, 
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wild-type male mice required a longer period of time to in- 
seminate a female whose litter had been killed than did in- 
fanticidal, sexually-experienced, wild-type males (Fig. 2). 


DISCUSSION 


The current findings from studies with wild mice are in- 
tersting in that they both confirm and contradict results ob- 
tained with domestic-stocks of mice. Infanticidal CF-1 male 
mice have previously been reported to produce a litter after a 
significantly shorter period of time than noninfanticidal 
males when placed with lactating females [28], and this has 
now been repeated for wild-type male house mice in Exper- 
iment VI. The current results thus provide further support 
for the first prediction of the sexual-competition hypothesis 
of infanticide, namely, that under the appropriate conditions 
(for instance, when males encounter lactating females), 
males that exhibit infanticide produce offspring more rapidly 
than do males that do not exhibit infanticide. One interesting 
observation, however, is that virgin, infanticidal, wild-type 
males required significantly longer to inseminate females 
after killing their litters than did sexually-experienced, in- 
fanticidal, wild-type males. Examination of the data revealed 
that the additional time that the infanticidal virgin males re- 
quired to inseminate the females (5-6 days) was equal to 
about one estrous cycle in female mice. It thus appears that 
the virgin males did not successfully inseminate their female 
partners during the first estrus exhibited after the litters were 
killed, and the males then had to wait until the females be- 
came receptive again, at which time virtually all males suc- 
cessfully inseminated their partners. 

We also tested the second prediction of the sexual- 
competition hypothesis, namely, that infanticidal males must 
have some mechanism for avoiding exhibiting infanticide 
toward their own young. There is already considerable evi- 
dence that the characteristics of nursing young (the sex, age 
or stock) do not influence the proportion of male mice that 
exhibit infanticide [2, 10, 11, 22, 27, 28]. Infanticidal behav- 
ior in male mice has thus been proposed to not be directly 
determined by the degree of genetic relatedness of the males 
to the young. 

The results of Experiment I reveal that wild-type males 
were inhibited from exhibiting infanticide 3 weeks after mat- 
ing when placed into cages with either novel females and 
their litters or with their former mates and the males’ own 
offspring. Huck et al. [9] reported that in Swiss-Webster 
mice, cues emitted by the prior female partner served to 
regulate whether males that had not previously been tested 
for their behavior toward young exhibited infanticide after 
mating. But, vom Saal and Howard [28], utilizing CF-1 mice, 
as well as Brooks and Schwarzkopf [2], utilizing both DBA 
and C57B1/6J strains, reported that recognition of a particu- 
lar lactating female did not mediate the inhibition of infan- 
ticide and facilitation of parental behavior which they ob- 
served 3 weeks after males had mated. Subsequently, vom 
Saal [27] reported that the act of ejaculating during coitus 
mediated the inhibition of infanticide 3 weeks after mating 
rather than cohabitation with a female before or after mating 
in CF-1 mice. The prior findings, in conjunction with our 
current findings from Experiment I utilizing wild-type male 
mice that had not previously exhibited infanticide, suggest 
that the conclusion of Huck et al. [9], that recognition of the 
prior female partner is the only factor that mediates the in- 
hibition of infanticide after mating in male mice, is not true in 
wild-type male mice that have not previously encountered 
young and exhibited infanticide. 
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In contrast to the above finding with wild-type males that 
had not previously exhibited infanticide prior to mating, the 
results of Experiment III provide support for the contention 
of Huck et al. [9] that recognition of the prior female partner 
mediates the inhibition of infanticide after mating in male 
mice, since the behavior toward young of wild-type males 
that had previously exhibited infanticide was regulated by 
cues associated with the lactating females: most previously 
infanticidal males placed with novel females 3 weeks after 
mating were similar to sexually-naive, wild-type males 
(tested using the same procedure) in that they exhibited in- 
fanticide. But, previously infanticidal, wild-type males 
placed with their former mates were significantly less likely 
to exhibit infanticide than were sexually-naive males that 
were placed into the cages of lactating female mice and their 
2-day-old young. All males that exhibited infanticide when 
placed into the cage of a lactating female did not exhibit 
infanticide toward the litter that they subsequently sired (see 
Experiment VI). How or why experience exhibiting infan- 
ticide results in a switch in the regulation of the inhibition of 
infanticide after mating in wild-type male mice from infan- 
ticide being inhibited solely as a function of mating with a 
female (without any recognition of the specific female) to the 
inhibition of infanticide being based on recognition of the 
prior female partner is unknown. What is becoming obvious, 
however, is that the phenomenon of mating-induced inhibi- 
tion of infanticide in male mice is extremely complex. 

Quite different results were obtained with CF-1 male 
mice. The results of Experiment IV demonstrated that the 
behavior of previously infanticidal CF-1 males toward young 
was not influenced by whether the males were placed with 
novel females or their prior mates, confirming the results of 
previous studies utilizing CF-1 male mice [26, 27, 28]. In 
addition, CF-1 male mice were inhibited from exhibiting in- 
fanticide after mating when tested in their home cages [27,28] 
or when placed into the cages of lactating females (novel or 
familiar) and their litters (Experiment IV). But, the phenom- 
enon of mating-induced inhibition of infanticide was only 
observed in wild-type males (without previous infanticide 
experience) when they were tested by being placed into the 
cages of lactating females (Experiment I), not when they 
were tested by having a single pup placed into their home 
cages (Experiment V). The testing procedure utilized to 
examine this phenomenon with different genetic stocks of 
house mice is thus obviously quite important. It was because 
we had observed that testing wild-type male mice with a 
single pup did not result in an inhibition of infanticide after 
mating that the other experiments described above were 
conducted by placing males into the cages of lactating 
females and their litters. 

Olfactory stimuli are the major cues by which mice com- 
municate information concerning sex, age and reproductive 
state [25]. It thus seems logical to assume that olfactory cues 
emitted by a female could have served as the stimuli which 
regulated whether or not the previously infanticidal, wild- 
type males in Experiment III exhibited infanticide when 
placed with a lactating female. It is also possible that some of 
the variability in a mouse’s phermonal profile has been lost 
in inbred mice, and that male mice from the CF-1 stock 
(which is random bred in our laboratory but derived from an 
inbred strain) are less able to distinguish between individual 
CF-1 females than are wild-type mice (cf. [1, 7, 17]). 

The present experiments did not directly address the 
question of which cue(s) mediate the inhibition of infanticide 
after mating in wild-type male mice that have not previously 
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exhibited infanticide. The results of Experiment II demon- 
strated that cohabitation with an ovariectomized female 
without mating did not result in an inhibition of infanticide in 
wild-type males, while the results of Experiment I demon- 
strated that recognition of the prior female partner also did 
not mediate the inhibition of infanticide in wild-type males 
without prior experience exhibiting infanticide. We did not 
examine whether different periods of postmating contact 
with a female might lead to differences in the behavior of 
wild-type males toward young when tested by being placed 
into the home cage of a lactating female. But, it is possible 
that the act of ejaculating during coitus mediates the inhibi- 
tion of infanticide after mating in wild-type male mice that 
have not previously exhibited infanticide, since ejaculation, 
rather than mounting, intromitting, or cohabitation with a 
female prior to or after mating mediates this phenomenon in 
CF-1 male mice [27]. 

The inhibition of infanticide after mating reduces the 
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probability of male mice killing their own offspring and thus 
satisfies the requirement of the sexual-competition hypoth- 
esis that there must be a mechanism for parental recognition 
to inhibit males from killing their own offspring. Since male 
mice that exhibit infanticide also produce young more 
rapidly than noninfanticidal males, exhibiting infanticide 
could increase the reproductive success of male mice under 
some ecological circumstances. The results of these experi- 
ments thus add further support to the hypothesis that infan- 
ticide in male house mice evolved due to sexual selection. 
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AHDIEH, H. B., T. J. BROWN, G. N. WADE AND J. D. BLAUSTEIN. Hypothalamic nuclear progestin receptors and 
the duration of sexual receptivity in ovariectomized and ovariectomized-hysterectomized rats. PHYSIOL BEHAV 36(2) 
211-215, 1986.—In order to determine if the enhancement of sexual behavior in hysterectomized rats is associated with an 
increased level of hypothalamic nuclear progestin receptors, ovariectomized (OVX) and ovariectomized-hysterectomized 
(OVHX) rats were injected with 2 wg estradiol benzoate. Twenty-four hr later, animals were injected with 0.5 mg 
progesterone and were tested for sexual receptivity every 4 hr. Hysterectomy had an overall facilitatory effect on lordosis 
and increased the duration of the period of sexual receptivity by about 4 hr. In a second experiment, similarly-treated 
animals were killed 4, 8, or 12 hr after progesterone injection, and hypothalamic nuclear progestin receptor levels were 
measured. In contrast to what has been reported for guinea pigs, nuclear progestin receptor levels decreased to baseline 
8-12 hr before the termination of sexual receptivity. Nuclear progestin receptor concentrations were higher in OVHX rats 
than in OVX rats at 4 hr after progesterone injection, and there was a trend toward higher receptor concentrations in 
OVHxX rats at 8 hr. These results demonstrate that hysterectomy-induced facilitation of sexual receptivity is associated 
with an increased level of hypothalamic nuclear progestin receptors. Furthermore, they suggest a fundamental difference in 
the regulation of nuclear progestin receptor retention between rats and guinea pigs. 


Progestin receptors Heat duration 


Hysterectomy Lordosis Rats 





ESTRADIOL and progesterone interact to activate female 


that intracellular progestin receptors are involved in the 
sexual behavior (heat) in several rodent species [8, 13, 17]. 


hormonal activation of sexual receptivity [9]. In addition, 


This activation is though: to be mediated by hypothalamic 
intracellular progestin receptors. In ovariectomized (OVX) 
rats and guinea pigs, estradiol treatment increases the con- 
centration of progestin receptors in cytosols* obtained from 
several brain regions, including the mediobasal hypothala- 
mus (MBH) and preoptic area (POA) [6, 18, 21, 23, 29]. 
These regions are thought to contain the principal site for the 
hormonal activation of sexual receptivity [19, 22, 25, 27, 28]. 
Subsequent progesterone treatment increases the concen- 
tration of progestin receptors measured in the cell nuclear 
fraction and decreases the concentration measured in 
cytosol [7,20]. Activation of sexual receptivity by 
progesterone can be blocked by the progestin receptor 
antagonist, RU 486, offering further support for the notion 





progesterone’s actions on sexual behavior can be blocked by 
protein synthesis inhibition [24,25], suggesting that nuclear- 
bound progestin receptors may facilitate sexual behavior by 
causing an alteration in protein synthesis. 

Although the mechanisms whereby estradiol and 
progesterone interact to initiate sexual receptivity have been 
well-studied, little is known of the mechanisms involved in 
heat termination. Recent work with guinea pigs has 
suggested that the length of the period of sexual receptivity is 
determined by the retention of hypothalamic cell nuclear 
progestin receptors [7, 10, 11]. As nuclear progestin receptor 
levels decrease, fewer animals remain sexually receptive. At 
about the time that nuclear progestin receptor levels drop to 
baseline, heat termination occurs. Furthermore, hormonal 


‘Present address: Institute of Animal Behavior, Rutgers University, Newark, NJ 07102. 


*Requests for reprints should be addressed to Jeffrey D. Blaustein. 


3Recent studies suggest that steroid hormone receptors may reside primarily within cell nuclei [16,30]. Upon binding to steroid hormone, the 
receptor protein may become tightly associated with nuclear components. Therefore, receptors measured in the cytosol fraction by present assaying 
techniques may represent loosely-associated, unbound receptors released from cell nuclei during tissue homogenization, while those receptors 
measured in the nuclear fraction may represent predominantly tightly-associated receptors. 





manipulations that result in increased heat duration in OVX 
guinea pigs, have been shown to result in increased retention 
of hypothalamic cell nuclear progestin receptors [5,10]. 
Hysterectomy facilitates female sexual behavior in OVX 
rats treated with estradiol and progesterone [3,4], and pro- 
longs heat duratin in estrous-cycling female rats [2]. 
Moreover, hysterectomy facilitates the induction of cytosol 


progestin receptors [1,3], presumably through an enhance- — 


ment of estrogen action [2]. Because supplemental estradiol 
treatment has been shown to increase heat duration [5,15] 
and the retention of hypothalamic nuclear-bound progestin 
receptors in guinea pigs [5], we wished to determine if 
hysterectomy-induced increased heat duration is also asso- 
ciated with an increased accumulation or retention of nuclear 
progestin receptors. 


METHOD 


Animals 


Female CD-strain rats weighing 200-250 g (Charles River 
Breeding Laboratories, Wilmington, MA) were housed in- 
dividually in 17x24x 18 cm wire mesh cages. Animals were 
maintained on a 12:12 hr light/dark cycle with lights on from 
0000 hr to 1200 hr. Food (Purina Rodent Laboratory Chow, 
Ralston Purina, St. Louis, MO) and tap water were freely 
available. Ten days prior to use, animals were ovariec- 
tomized or ovariectomized-hysterectomized (OVHX), 
through a single midventral incision under Methoxyflurane 
(Metofane, Pitman-Moore, Washington Crossing, NJ) 
anesthesia. Hormone injections were given subcutaneously 
in 0.1 ml sesame oil (estradiol) or 0.1 ml sesame oil containing 
5% benzyl alcohol and 15% benzyl benzoate (progesterone) 
at 1000 hr. 


Behavioral Testing 


Tests for lordosis were conducted in a 75 cm (diame- 
ter)x25 cm (height) arena with a wood-chip covered floor. 
Illumination was provided by a 25-watt red bulb when testing 
occurred during the dark phase of the light-dark cycle. Each 
test consisted of placing an experimental female with two 
sexually active male rats until ten mounts were observed or 
until ten minutes elapsed (minimum of 5 mounts). Results are 
expressed as the mean lordosis quotient (percentage of 
mounts resulting in a lordosis response). Because cervical- 
vaginal stimulation has been shown to influence subsequent 
behavioral responses [14], vaginal masks were used to pre- 
vent intromission [26]. 


Nuclear Progestin Receptor Assay 


Nuclear progestin receptor levels were measured as de- 
scribed previously [7] with minor modification. Rats were 
decapitated and their brains and pituitary glands rapidly re- 
moved. The mediobasal hypothalamus and preoptic area 
(MBH-POA) were dissected on a chilled block and pooled 
for each animal. All subsequent procedures were conducted 
at 0-4°C. Tissues were pooled for 2 similarly-treated rats in 
1.0 ml buffer A, (0.32 M sucrose, 1.0 mM KH,.PO,, 1.0 mM 
MgCl,, 10% glycerol and 12 mM monothioglycerol, pH 7.2) 
and were homogenized in glass tissue grinders with a Teflon 
pestle. Homogenates were transferred to 12x75 mm 
polycarbonate tubes, and the tissue grinders were rinsed 
with 250 ul A,. After centrifugation at 1,000xg for 5 min, the 
supernatant was discarded, and the pellet was washed twice 
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by dispersing in 2.0 ml AT and centrifuging at 1,000xg for 5 
min. After the second wash, the crude nuclear pellet was 
resuspended in 300 wl A; and 1.0 ml buffer B (2.15 M su- 
crose, 1.0mM KH,PO,, 1.0mM MgCl, and 10% glycerol, pH 
7.2). The tube contents were vortex-mixed and centrifuged 
at 27,500xg for 20 min. The pellicle and supernatant were 
discarded and the walls of the tube dried. The resulting 
purified nuclei were resuspended in 285 ul TEGT (10 mM 
Tris-HCl, 1.5 mM Na,EDTA, 10% glycerol and 12 mM 
monothioglcerol, pH 7.4). Fifteen min later, an equal volume 
of TEGT-K, , (TECT+1 M KCl, pH 7.4) was added, and the 
tube contents were vortex-mixed occasionally during a 15—30 
min incubation. The nuclei were then centrifuged at 
48,000 g for 5 min. The supernatant (nuclear KCl-extract) 
was decanted and 250 yl aliquots were incubated with 50 ul 
TEGT-K,,; (TEGT+0.5 M KCl, pH 7.4) containing ethanol 
(1% final concentration) and (®H)R 5020 (New England Nu- 
clear, spec. act.=77 Ci/mmol), with or without a 250-fold 
concentration of unlabeled progesterone. A final concentra- 
tion of 1.5 nM (#H)R 5020 was used because this concentra- 
tion saturates the progestin receptor pool while minimizing 
nonspecific binding [26]. 

Bound (*H)R 5020 was separated from free by gel filtra- 
tion on 4.568 mm Sephadex LH-20 columns (Pharmacia 
Fine Chemicals, Piscataway, NJ). Aliquots of incubate (250 
ul) were loaded onto the columns and washed in with 150 pl 
TEGT-K,.. Twenty min after sample loading, the mac- 
romolecular fraction (containing the bound (#H)R 5020) was 
eluted with 700 ul TEGT-K, ; into scintillation vials. Five ml 
of scintillation fluid (0.17 g Bis-MSB+5.5 g PPO/1 toluene 
containing 33% Triton X-100) were added and radioactivity 
was counted in a Packard Tri-Carb model 300C spec- 
trophotometer (Packard Instrument Co., Downers Grove, 
IL) at an efficiency of 41%. Specific binding was calculated 
by subtracting nonspecific binding (in the presence of un- 
labeled progesterone) from total binding (in the absence of 
unlabeled progesterone). The DNA concentration of the nu- 
clear pellet was determined by the method of Burton [12]. 
Results are expressed as femtomoles (*H)R 5020 specifically 
bound per mg DNA. 


Statistical Analysis 


Behavioral differences observed between groups were 
analyzed by the Mann-Whitney U-test. Values given are 
based on one-tailed comparisons. Differences in nuclear 
progestin receptor levels were analyzed by Student’s f-test. 
Values given are based on two-tailed comparisons unless 
otherwise stated. 


RESULTS 


Experiment | 


Hysterectomy results in an increased heat duration in 
estrous-cycling female rats [2]. In order to determine if it has 
a similar effect in OVX, hormone-treated rats, OVX and 
OVHX rats were injected with 2 yg estradiol benzoate. 
Twenty-four hr later, animals were injected with 0.5 mg 
progesterone and were tested for lordosis every 4 hr. 

Progesterone injection activated sexual receptivity in 
both groups of animals by 4 hr after injection (Fig. 1). Hys- 
terectomy had a general facilitative effect on lordosis. At 4, 
16, and 20 hr after progesterone injection, a greater level of 
lordosis was observed in OVHX animals than in OVX 
animals (U=13, p<0.025; U=12.5, p<0.025; and U=14, 





HYPOTHALAMIC PROGESTIN 


e—e Ovariectomized 


@---e Ovariectomized- 
Hysterectomized 


LORDOSIS QUOTIENT 





l | L l 
4Hr 8Hr 12Hr WHr 20Hr 24Hr 





FIG. 1. Lordosis quotients (mean+S.E.M.) of OVX and OVHX rats 
treated with 2 wg EB followed 24 hr later with 0.5 mg progesterone. 
Rats were tested every 4 hr after progesterone injection for a period 
of 24 hr, n=8 per group. 


p<0.032 respectively). By 20 hr after progesterone injection, 


sexual receptivity had declined to near baseline levels in 
OVX animals, whereas in OVHX animals, receptivity 
neared baseline levels at 24 hr. 


Experiment 2 


In order to determine if hysterectomy-induced increased 
heat duration is associated with an increased accumulation 
and retention of hypothalamic cell nuclear progestin recep- 
tors, OVX and OVHX rats were treated as in Experiment 1. 
Rats were injected with 2 wg EB. Twenty-four hr later, 
animals received either 0.5 mg progesterone or the oil vehi- 
cle. Animals were killed 4, 8, and 12 hr after progesterone 
injection, and MBH-POA cell nuclear progestin receptor 
concentrations were measured. Cell nuclear progestin recep- 
tors were also measured in the pituitary gland in order to 
compare hypothalamic progestin receptor retention to recep- 
tor retention in a target tissue not directly involved in mediat- 
ing female sexual behavior. 

Progesterone treatment increased nuclear progestin re- 
ceptor levels by 4 hr after injection in both MBH-POA and 
pituitary (Figs. 2 and 3). At this time, receptor levels were 
significantly higher in OVHX rats than in OVX rats (MBH- 
POA: t,=3.44, p<0.01; pituitary: t,=2.47, p<0.05). Surpris- 
ingly, nuclear progestin receptor concentrations had de- 
creased sharply by 8 hr after progesterone injection in both 
groups. Receptor concentrations had declined to baseline 
levels in OVX animals at this time, while a greater, although 
not significantly different, concentration was measured in 
OVHX animals. By 12 hr nuclear progestin receptor levels 
had declined to baseline levels in OVHX animals. The nu- 
clear retention of progestin receptors in pituitary gland was 
similar to that observed in the MBH-POA. 
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FIG. 2. Nuclear progestin receptor concentration measured in 
MBH-POA obtained from OVX and OVHX rats treated with 2 yg 
EB followed 24 hr later with 0.5 mg progesterone. Values given 
represent the difference (mean+S.E.M.) between levels measured 
in progesterone-treated and oil-treated (baseline, 51.2 fmoles/mg 
DNA for the OVX group and 53.5 fmoles/mg DNA for the OVHX 
group) animals, n=5—9 per group. 
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FIG. 3. Nuclear progestin receptor concentrations measured in pi- 
tuitary glands obtained from OVX and OVHX rats treated with 2 ng 
EB followed 24 hr later with 0.5 mg progesterone. Values given 
represent the difference between levels measured in progesterone- 
treated and oil-treated (baseline, 91.7 fmoles/mg DNA for the OVX 
group and 109.5 fmoles/mg DNA for the OVHX group) animals, 
n=5~-9 per group. 





DISCUSSION 


The behavioral results of this study confirm and extend 
the previous findings [1-4] that hysterectomy has a facilita- 
tive effect on sexual behavior. In OVX rats, as has been 
shown previously in estrous-cycling rats, hysterectomy re- 
sulted in both an increased level of lordosis responding and 
an increase in heat duration. By 20 hr after progesterone 
injection, sexual receptivity had declined to baseline levels 
in OVX animals, whereas OVHX animals were still moder- 
ately receptive. By 24 hr, however, receptivity scores had 
declined to baseline in OVHX animals as well. 

In contrast to what has been shown in guinea pigs [11], 
hypothalamic nuclear progestin receptor concentrations de- 
creased to baseline levels 8 to 12 hr before sexual receptivity 
terminated. By 8 hr after progesterone injection, nuclear 
progestin receptor concentrations had declined to baseline 
levels in OVX animals and to near baseline levels in OVHX 
animals. These findings confirm those reported by McGinnis 
et al. [20]. In their study, hypothalamic nuclear progestin 
receptor levels increased following an intravenous injection 
of progesterone (to OVX, estrogen-treated rats), then de- 
creased to baseline levels by 10 hr after injection. Sexual 
receptivity, however, did not terminate until 18-24 hr after 
injection. It remains possible, however, that cell nuclear 
progestin receptor levels are slightly elevated at 8 and 12 hr 
after progesterone injection, but that these concentrations 
are too small to be detected with our present techniques. 

It is unlikely that the increased (*H) R5020 binding ob- 
served in OVHX animals is due to an increased affinity of the 
receptor for R5020 rather than to an increase in receptor 
concentration. If hysterectomy resulted in an increase in the 
affinity of progestin receptors for R5020 rather than in an 
increase in receptor number, then at the concentration of (*H) 


R5020 used, which has been shown to be saturating for the 
pool of receptors measured in the non-hysterectomized 
animals [26], (7H) R5020 binding would be the same in both 
groups. Therefore, our results indicating a higher level of (®H) 
R5020 binding in hysterectomized animals have to be the 
result of an increased number of receptors. 

Our results demonstrate that hysterectomy-induced 
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facilitation of sexual behavior is associated with an increased 
concentration of hypothalamic cell nuclear progestin recep- 
tors. Hypothalamic nuclear progestin receptor concentra- 
tions were higher in OVHX animals than in OVX animals at 
4 hr after progesterone injection, and there was a trend 
toward higher receptor concentrations in the OVHX animals 
at 8 hr. These results are consistent with the hypothesis that 
hysterectomy acts to enhance estrogen activity. Although 
the mechanism is unknown, hysterectomy has been shown 
to result in increased serum estradiol concentrations in 
estrous-cycling and OVX estradiol-treated animals [2]. It is 
possible that the uterus enhances the clearance rate of es- 
tradiol either directly by taking up and/or metabolizing signif- 
icant amounts of the hormone, or indirectly by somehow 
facilitating the hepatic clearance of estradiol. Hysterectomy 
has also been shown to increase the concentration of cytosol 
progestin receptors (in the presence of estradiol) [1,3]. It is 
likely that an increased level of estradiol-induced cytosol 
progestin receptors is the basis for the hysterectomy-induced 
increased concentration of nuclear progestin receptors. A 
similar phenomenon has been seen in OVX guinea pigs 
treated with a supplemental dose of estradiol. Heat duration 
is extended, and the accumulation and retention of nuclear 
progestin receptors is enhanced, secondary to an increase in 
estradiol-induction of cytosol progestin receptors [5]. 

In addition, our data suggest that, unlike the case in 
guinea pigs, hypothalamic nuclear progestin receptor con- 
centrations in rats need not be elevated at the time sexual 
receptivity is expressed. It is possible that the initial increase 
in nuclear progestin receptor levels initiates cellular events 
that maintain sexual receptivity for hours after these recep- 
tor levels have returned to baseline. Further studies are 
planned to test this possibility. 
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GAMALLO, A., A. VILLANUA, G. TRANCHO AND A. FRAILE. Stress adaptation and adrenal activity in isolated 
and crowded rats. PHYSIOL BEHAV 36(2) 217-221, 1986.—Socially reared male control rats (Co) were compared with 
crowded reared rats (Cr) and isolated reared rats (1). We assayed the adaptation to moderate stress (activity and defecation 
rate in open-field test) and to intensive stress sensitivity to restraint ulcer), so as the basal adrenal activity measuring basal 
values of corticosterone (R.I.A.) and fresh weight of adrenal and thymus glands. Results show a great lack of adaptation to 
moderate and intensive stress in Cr and I reared rats which leads to a decrease of activity variables, an increase of 
defecation rates and a high sensitivity to restraint ulcers. The effect of crowding conditions show higher values than 
isolation. We also found, in isolated and crowded reared rats, an increase in the adrenal function with great values for the 
basal secretion of corticosterone and atrophy of the thymus gland, besides which, crowded reared animals showed adrenal 


hypertrophy. 
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STUDIES made in the field of stress physiology do not con- 
sider together both crowding and isolation. Some open-field 
test results measuring locomotive and exploring activity and 
emotionality in crowded and isolated conditions are con- 
tradictory [3, 4, 12, 25, 40, 41]. Others studies [16, 17, 18, 21, 
33] agree that isolated rats are more emotive by their display 
of maladaptative behaviors. 

Behavioral consequences of isolation have been studied 
extensively in rats [3, 5, 11, 16, 17, 18, 19, 20, 21, 25, 33, 34, 
35, 37], mice [6, 14, 29, 42], other rodents [15,20] and chick- 
ens [31]. The effects of isolation have been evaluated in light 
of lesions in various regions of the brain [18, 19, 34, 36]. 

The consequences of crowding have been less frequently 
studied; there are a few reports with rats [4, 12, 40, 41] and 
more recently with chickens [31]. The effects of crowding 
have been studied primarily with a neuroendocrine perspec- 
tive [12, 40, 41]. 

Some authors [35, 39, 40] use as a quantitative determi- 
nation of emotionality in the rat their sensitivity to restraint 
ulcers, considering ‘“‘emotive’’ those animals which show a 
lack of adaptation to the intensive stress of this test which 
results in greater ulceration scores. 

Several authors relate adrenal activity to emotionality and 
therefore to maladaptative response to stress [1, 2, 40, 41, 
42], some have employed elevated adrenal weight and the 
decrease of thymus gland weight or other changes involving 
the immune system as indexes emotionality [39, 40, 41]. 
However, the best index of adrenal activity is plasma level 
corticosterone measured by high performance techniques 
such as radioimmunoassay (R.I.A.) [44], which is used by 
most of the authors at present [2]. 


Our work attempts to analyze how crowding and social 
isolation effect the behavior of rats when subsequently ex- 
posed to stress. We used the open-field test and restraint 
since they represent quantitatively different stresses.. We 
think frequently responses to ulceration which are stronger 
and developed under homogenous conditions could explain 
results obtained in the open-field test when they have a dif- 
ficult meaning. 

Finally, we are interested in studying these results from a 
neuroendocrine perspective. For this purpose, we try to 
assess the basal adrenal activity by comparing fresh weights 
of adrenal and thymus glands and by measuring basal values 
under a lack of corticosterone stress in both groups of rats. 


METHOD 
Animals 


One hundred forty albino male rats (Sprague-Dawley) 
bred in our laboratory have been used in the present study. 
They were housed under the same control conditions in simi- 
lar sized groups. On the weaning day they were divided into 
three experimental groups: Group Cr (Crowded rats): 40 
animals living in groups of 10 rats in Panlab cages (48x24 15 
cm); Group I (Isolated rats): 40 animals housed in individual 
cages Panlab (24x24x15 cm); Group Co (Control rats): 60 
animals living in groups of 5 rats in Panlab cages (48x24 15 
cm). 

Room temperature was 20°C and food and water were 
delivered ad lib. 

They remained six weeks under these conditions and sub- 
sequently underwent testing. 
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Activity and Adaptation to Stress Test 


We have used 20 rats of I and Cr groups and 40 of Co 
group. 

1. Open-field test. The apparatus designed by P. L. 
Broadhurts and Hall [7, 8, 26, 27] consisted of a 75 cm diame- 
ter and 50 cm long cylindrical enclosure. It was open on the 
top and its circular floor was divided into six internal and 
twelve external sectors separated by a circumference. 

The enclosure was provided with white light by an elec- 
trical incandescent bulb which posed a moderate stress to 
the customarily nocturnal animals. 

The test is performed in a soundless, and isolated room 
which is only lighted by a red light not seen by the rat. The 
test was carried out in 3 min individual sessions for three 
consecutive days. 

Three activity variables were recorded: (1) number of ex- 
ternal sectors stepped on by the animals with all four legs 
simultaneously (External Ambulation, E.A.); (2) number of 
internal sectors stepped on by the rat with three legs at least 
(Internal Ambulation, I.A.); (3) number of rearings (R) dur- 
ing the session. 

The defecation score (D) was also recorded as an indica- 
tion of ‘‘emotionality’’ or adaptative incapacity under mod- 
erate stress. 

2. Restraint ulcers. To score them we have used a modifi- 
cation of Bonfils’ method [9]. After a fasting period (48 hr) in 
metabolic cages, animals were introduced (under light ether 
anesthesia) into individual metallic squares which prevented 
them from moving and kept them in this way for 18 hours. 

Such conditions give a variable stress to the animal de- 
pending on the duration of immobilization [24]. After these 
periods animals were killed and stomachs were removed for 
macroscopic evaluation of ulcers (they only appear in the 
glandular portion of the stomach) [10]. Gastric lesions were 
quantitatively and qualitatively recorded according to 
Chaumontet and Grau’s method [10,24]. 

Lwoff’s formula [10, 24, 30] allows the estimate of the 
ulceration index (U.I.), knowing ulceration scores, the per- 
centage of ulcerated animals and the number of individuals in 
each group. 


U.I. = ys ulceration scores x % of ulceration/number of 
animals 

Ulceration mean score = y Ulceration scores/number of 
animals 


Adrenal Activity Evaluation 


We have used 20 animals in each experimental group. A 
sample of plasma was obtained from 10 rats for prior deter- 
mination of basal levels of corticosterone (without stress). 
Adrenal and thymus glands were obtained from the remain- 
ing animals in order to determine fresh weight of the glands. 

Plasma levels of corticosterone were measured by R.I.A. 
employing hydroxiapatite as a new method of separating the 
free. and bound phases. This technique has been developed 
by A. Villanua [43,44]. 


Statistical Test 


Means from experimental and control groups were com- 
pared using the Student’s t-test to evaluate open-field results 
and adrenal and thymus weights (mg of gland/g of animal 
weight). 
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TABLE 1 


MEAN VALUES ON EXTERNAL AND INTERNAL AMBULATION, 
REARING AND DEFECATION IN OPEN-FIELD TEST 
AND THEIR STANDARD ERROR 





External 
Ambulation 


Internal 


Ambulation 


Rearing Defecation 





Control 
Mean 101.051 2.294 24.846 4.782 
$.e. 1.79 0.29 0.89 0.20 
Crowded 
Mean 92.579 1.333 28.132 5.858 
s.e. 2.07 0.31 0.96 0.59 
Isolated 
Mean 103.445 1.500 16.390 5.100 
s.e. 2.65 0.34 0.89 0.34 





Basal levels of corticosterone (ng/ml) were compared 
using a f-test. 

Ulceration results were compared using two methods. On 
the one hand we have compared the U.I. as a ponderated 
average by a/-test, a method followed by many authors [10]. 
On the other hand we have compared the different distribu- 
tion of stomachs of every group in the different class of 
ulceration described by Chaumontet [10] by means of a x? 
test. This last method is appropriate because the ulceration 
score and index, as defined by Chaumontet [10] and Lowff 
[30], are not continuous variables of normal distribution and 
therefore it would be correct to use the f-test. 


RESULTS 


Results of open-field test are given in Table 1, expressed 
as a mean of the exterior ambulation and interior ambulation, 
rearing and defecation in the two experimental (I, Cr) and 
control (Co) groups with their corresponding standard 
errors. 

Crowded animals (Cr) show significantly less external 
ambulation, 1(56)=2.863, p<0.01, and internal ambulation, 
1(56)=2.020, p<0.05. However, rearing is significantly 
higher in these animals, t(56)=2.279, p<0.05. 

Isolated animals also show significantly lower scores in 
some activity variables, internal ambulation, 1(57)=1.656, 
p=<0.05, and rearing, #(57)=6.039, p<0.001, showing no differ- 
ence in external ambulation, t(57)=0.761, n.s. 

With respect to defecation rates, significantly higher 
scores were recorded for crowded animals compared with 
controls, 1(56)=2.148, p<0.01. Isolated animals did not show 
significant differences in defecation rates, (57)=0.862, n.s., 
although they are larger than those under control. 

Table 2 presents results of ulceration test: Crowded and 
Isolated animals have higher ulceration rates. According to 
both methods, differences are significant in isolated, 
x*(1)=6.463, p<0.05, 1(48)=7.265, p<0.001, and crowded 
animals x*(1)= 17.903, p<0.001, 1(47)= 13.057, p<0.001. 

We have in Table 3 results of mean weights of adrenal and 
thymus glands with their corresponding standard errors. 

Crowded animals have an adrenal hypertrophy, 
t(16)=2.745, p<0.05, coincident with a thymus gland 
decrease, ¢(18)=10.360, p<0.001. 

Isolated animals also have lower thymus gland weights, 
t(18)=3.932, p<0.01, but without adrenal hypertrophy, 
t(16)=0.539, n.s. 
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TABLE 2 


ULCERATION INDEX, MEAN VALUES OF ULCERATION SCORES 
AND PERCENTAGE OF ULCERATION 


TABLE 3 


MEAN VALUES OF ADRENAL AND THYMUS GLANDS WEIGHT 
(mg OF GLAND/g ANIMAL WEIGHT) AND THEIR STANDARD ERROR 





Control Crowded Isolated 





Adrenals Thymus 





Mean Score 1.233 
Standard Errors 0.149 
Ulceration (%) 33.333 
Ulceration Index 41.110 


2.050 1.947 
0.223 0.120 
100.000 94.740 
205.000 184.496 





Mean values of corticosterone under basal conditions (no 
stress) and expressed as ng/ml of plasma appear in Table 4 
with their standard errors. There are significantly higher 
basal levels of corticosterone in isolated, 1(18)=3.825, 
p<0.01, and crowded, 1(18)=3.843, p<0.01, animals. 
Control and crowded animals show larger differences (when 
they exist) than do isolated and control animals. 


DISCUSSION 


The most interesting findings in this study have been the 
greater sensitivity to restraint ulcers and the higher basal 
corticosterone levels in isolated and crowded animals. 

These results show a lack of adaptation to a hard stress 
for crowded and isolated rats and a basal adrenal hyperac- 
tivity in both cases. However, although there are no signifi- 
cant differences between both experimental groups, 
crowded rats show a greater sensitivity to ulcers and a 
greater adrenal activity than that shown be isolated animals. 

Results obtained in the open-field test must be analyzed 
with respect to the lack of adaptation to stress. We have 
found significantly less general and exploratory activity in 
crowded (E.A. and I.A.) and isolated (I.A. and R) animals. 

According to the classic theory [7, 8, 26, 27, 28], less 
activity also indicates a lack of adaptation to moderate stress 
in this case. Moreover, crowded animals display signifi- 
cantly greater defecation rates, which corroborates previous 
results. Isolated animals have higher defecation rates 
(though not statistically significant) compared to controls. 
This could be interpreted as a tendency which, though affect- 
ing activity variables, is not manifest as markedly under 
moderate stress as under a regimen greater stress (restraint). 
According to these data, crowding seems to produce a great 
lack adaptation to stress of animals exposed to moderate 
(open-field) or severe (U.I.) stress which is shown by gener- 
ally less activity, and greater defecation rates and a higher 
susceptibility to restraint ulcers. 

Isolated animals behave in a similar way (less activity and 
greater susceptibility to restraint ulcers). However, it seems 
that isolated animals more effectively withstand a severe 
stress than crowded animals and, with respect to moderate 
stress, their lack of adaptation is only suggested by activity 
criteria. This leads us to think that the inability to adapt, 
which is produced by isolation, is less than that produced by 
crowding and therefore with low stress this tendency de- 
creases. 

Our results for crowded animals agree with those of other 
authors [12,41] and especially with Tieboth’s [40] who af- 
firms that the less locomotive and exploratory activities is 
due to the role of emotivity as an inhibitor of exploratory 
behavior. The period of crowding is important, as Armario 


Control 
Mean 
s.e. 

Crowded 
Mean 
$.e. 

Isolated 
Mean 
$.e. 





TABLE 4 


BASAL VALUES MEAN OF CORTICOSTERONE (ng/ml) AND THEIR 
STANDARD ERROR 





Corticosterone 


Mean 





203.3 
380.0 
338.2 


Control 
Crowded 
Isolated 





[4], using shorter periods (two weeks), does not find the 
same results as we do in six weeks. 

With regard to the effect of isolation, our results confirm 
those of Morgan and others [16, 17, 21, 33, 35], who report 
that isolated animals appear more frightened. These modifi- 
cations are permanent in rats but not in other rodents [20] 
and are not affected to the same extent by age [11]. Our 
results likewise agree with previously published reports [22, 
23, 25] that the consequences of isolation at an early age are 
similar to those provoked by malnutrition during this period. 

The greater rearing observed in crowded animals may be 
interpreted as an indication of hyperactivity resulting from 
an escape-reaction caused by emotionality, as Soubrié has 
suggested [39]. 

Concerning adrenal activity, we recorded significantly 
higher basal corticosterone levels caused by crowding and 
social isolation which leads, as could be expected, to signifi- 
cantly lower thymus gland weight in both cases and remark- 
able adrenal hypertrophy in crowding animals. Adrenal 
glands of isolated animals are not affected [1, 2, 40, 41, 42]. 

Although isolated rats’ behavior in learning test [19, 33, 
35] resembles that of animals bearing septal lesions or other 
kinds of cerebral lesions [18, 19, 35, 36], the consequences of 
isolation to aggressiveness [5, 6, 29], and timidity [35], sex- 
ual behaviour [6,13], and exploring and locomotive activity 
[16,17], contrast with those of cerebrally lesioned rats and 
suggest a different neuroendocrine substrate. Our data con- 
firm this hypothesis and are supported by Angelucci [2] who 
found a variation in cerebral corticosterone uptake and a 
different adrenal activity as a consequence of rearing. 

Our results could suggest that behaviour alterations gen- 
erated by crowding and social isolation could be analyzed in 
both cases from a neuroendocrine point of view, although 
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there are some differences between crowded and isolated 
rats. This difference could be due to different mechanisms 
implicated in both social alteration. While crowding can be 
considered as a ‘‘chronic stress’’ pattern [40], isolation, in 
contrast, suggests a total lack of social stimuli necessary to 
madurate adaptative responses of animals to new situations, 
which mainly happens during the first fifty days of life and is 
established through play with habitat partners. The lack of 
this playing period is essential for maduation later adaptative 
responses [19,37]. 
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Crowding and social isolation produce altered adrenal 
function, measured by corticosterone secretion, which may 
play an important role in behavior modifications shown by 
these animals. 
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RAAB, A., R. DANTZER, B. MICHAUD, P. MORMEDE, K. TAGHZOUTI, H. SIMON AND M. LE MOAL. Be- 
havioural, physiological and immunological consequences of social status and aggression in chronically coexisting 
resident-intruder dyads of male rats. PHYSIOL BEHAV 36(2) 223-228, 1986.—The behavioural and physiological conse- 
quences of social status and reciprocal fighting in resident-intruder dyads of Long Evans male rats were evaluated. Before a 
chronic cohabitation of 10 days, residents and intruders were individually housed for one month to increase their aggres- 
siveness. Control animals included isolates, i.e., animals kept individually housed throughout the experiment and pair- 
housed rats, i.e., pairs of rats housed together from their rats in the laboratory. In 19 out of 20 dyads, a clear dominance 
relationship developed with an advantage to the resident in 68% of the cases. Dominants showed more exploratory activity 
than subordinates in an open-field test at the end of the cohabitation period; subordinates groomed longer than animals 
from other experimental groups. Dominants had lower pain thresholds than individually and pair-housed animals. Both 
dominants and subordinates had higher tyrosine hydroxylase enzymatic activities in the left adrenal than isolated and 
pair-housed rats. Subordinates lost body weight and had higher plasma corticosteroid concentrations than animals from the 
other experimental groups. In addition, they had smaller thymus glands and reduced spleen lymphocyte responses to 
mitogenic stimulation in vitro, in comparison to dominant animals. These results show that subordination in the dyadic 
resident-intruder paradigm leads to a complex syndrome of behavioural and physiological changes, some of which may be 
modulated by the intensity of aggressive interactions. 


Rat Social status 
Plasma corticosterone 


Resident-intruder 
Tyrosine hydroxylase 


Aggression Open-field 
Cellular immune response 


Physiology 
Analgesia 





ALTHOUGH much interest has been devoted to the study 


gent data indicate that the concept of dominance alone has 
of behavioural and physiological correlates of social be- 


no explanatory nor predictive value for the physiological re- 


haviour in laboratory animals, using models such as over- 
crowding [10], disruption of dominance orders [17] and in- 
trusion of new animals in preexisting groups [4], there is still 
an unsufficient knowledge of the psychosocial factors re- 
sponsible for the observed changes. 

This is easily apparent from the large literature on 
endocrine correlates of dominance-subordination in animals. 
Although defeat and submissiveness are in general accom- 
panied by enhanced pituitary-adrenal function [5,6], there 
are many examples of a lack of relationship between social 
status and pituitary-adrenal activity [18,30] and even some 
cases of higher plasma or urine glucocorticoid levels in 
dominant than in subordinate animals [12,22]. Such diver- 
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sponse to social situations. 

There is evidence that the influence of social status is 
modulated by at least two additional factors, the frequency 
and intensity of agonistic interactions and the possibility of 
control. The role of agonistic interactions is exemplified by 
the positive correlations observed between the amount of 
aggressive behaviour and the plasma corticosterone re- 
sponse to paired encounter tests in rats [33] or between the 
number of bites received and post-defeat analgesia in de- 
feated mice [24]. The possibility of a significant role of con- 
trol is suggested by studies in which the subordinate is able 
to protect himself from the dominant’s threats and attacks 
because of spatial arrangements of the cage [28]. However, 
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there has been no direct study of the influence of control 
exerted by one individual over a congener of different social 
status. 

The present experiments were undertaken to determine 
the respective role of social status and aggressive interac- 
tions in behavioural and physiological responses to social 
situations. Large groups of animals are unsuited for that pur- 
pose since agonistic interactions are unevenly distributed 
among individuals. In contrast, fighting is strictly reciprocal 
in dyads of coexisting animals so that any difference between 
the members of the dyads may be attributed to the effects of 
dominance and submission [19,28]. A _resident-intruder 
paradigm was selected since it allows reliable differentiation 
of offensive and defensive behavioural patterns in each 
member of the pair [3,4]. Rats were isolated before pairing in 
order to enhance the probability of aggression [8,14]. As 
social status and aggressive interactions may differentially 
affect various aspects of behaviour and physiology, it was 
thought to be useful to characterize as widely as possible the 
behavioural and endocrine correlates of chronic coexistence. 


METHOD 


Animals 


Long Evans male rats (250-320 g, Janvier, France) were 
housed individually (n=64) or in pairs (n=5X2) with ad lib 
food and water, in 29x43x29 cm cages made up of plastic 
coated wood except for the front wall which was made of 
perspex to allow observation of the animals. Subjects were 
maintained in a temperature and humidity-controlled room 
(22+2°C, 60% relative humidity) with light on from 6.00 to 
20.00. On day 32-33 of individual housing, isolated rats were 
screened for aggressiveness by having a previously group- 
housed male Wistar rat (6 animals per cage, 280-325 g) 
placed in their home cages for 10 min. This test was carried 
out between 16.30 and 18.00. Residents which showed an 
obvious biting attack within this period were considered as 
aggressive. The target animal was removed immediately 
after the first attack to minimize training effect on aggres- 
siveness. 


Procedure 


On the evening of the 34th day of isolation, all individu- 
ally housed animals were allocated to two experimental 
conditions on the basis of their aggressiveness: (1) resident- 
intruder dyads (n=20x 2); 8 aggressive residents were paired 
with non aggressive intruders, 6 non aggressive residents 
were paired with agressive intruders and 6 non aggressive 
residents with non aggressive intruders. The members of 
resident-intruder dyads were weight matched so that their 
body weight did not differ by more than 15 g; the initial body 
weight did not differ significantly among the respective ex- 
perimental groups; (2) isolation (n=24); this group included 8 
aggressive and 16 non aggressive rats which remained in 
their home cage. Pair-housed animals (n=5x2) served as a 
third experimental group. The whole experiment consisted 
of two successive series. The first series included 13 isolated 
animals and 10 resident-intruder dyads. The second series 
included 9 isolated animals, 10 resident-intruder dyads and 
the 10 pair-housed animals. With a few exceptions (pain 
sensitivity, immunology, cf. infra), all animals in both series 
were submitted to the same procedure. 

The experiment lasted 11 days. All testing was done dur- 
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ing the first 4 hr of the light phase. Animals were directly 
observed every day between 6.00 and 7.00, in addition to 
l-hr observation period just after pairing. The dominant 
animal was identified as the animal showing lateral threat 
and offensive attack and the subordinate as the animal vo- 
calizing and displaying defensive upright. The number of at- 
tacks was also evaluated. Animals were weighed after this 
observation period. On day 6 of coexistence, pain sensitivity 
was measured by a tail-immersion test in 55+ 1°C water [20] 
in animals of the second experimental series. On day 9 of 
coexistence, animals were submitted to a 10-min open-field 
test carried out in a square white open-field (95 x95 35 cm) 
illuminated by a 100-W bulb [35]. On the last day of cohabi- 
tation, the rats were killed by decapitation between 9.00 and 
11.30. Trunk blood was collected in 10 ml polyethylene tubes 
containing 0.1 ml of 10% EDTA. Tubes were kept on ice until 
centrifugation and plasma aliquots were frozen at —20°C. 
After being dissected and cleaned of fat and connective tis- 
sue, the ventral prostate gland and the thymus were 
weighed. Adrenals and superior cervical ganglia were frozen 
until biochemical assay. In animals of the first experimental 
series, the spleen was aseptically removed to prepare single 
cell suspensions for mitogen stimulation of spleen cell cul- 
tures. In the second experimental series, the back of the 
animals was shaved to count the number of scars. 


Hormonal and Immunological Assays 


Plasma glucocorticoids were measured by a competitive 
protein binding assay [25] after dichloromethane extraction. 
Pregnant woman serum was used as transcortin source, 
tritiated corticosterone as tracer and dextran-coated char- 
coal as the adsorbant for the unbound fraction. Tyrosine 
hydroxylase enzymatic activities were determined in the left 
adrenal gland and the superior cervical ganglia by measuring 
the rate of formation of '*C-CO, from 1(1-'C) tyrosine [36]. 
The determination was done on the supernatants collected 
after centrifugation of homogenized adrenals and sonicated 
cervical superior ganglia in tris acetate buffer. Enzymatic 
activities were expressed in each experimental series as per- 
cent of the mean value of isolated animals. 

Suspension of spleen cell culture and mitogenic stimula- 
tions were carried out according to Gilman et al. [16]. Single 
cell suspensions were prepared by teasing apart the spleen 
into RPMI 1640 medium (Flow). Erythrocytes were lysed by 
treatment of the cells with an ammonium chloride solution 
(NH,Cl 8.3 g, KHCO, 2 g, sterile distilled water 1000 ml, pH 
adjusted at 7.4). Cells were then washed three times with 
culture medium (RPMI 1640 supplemented with 2 mM 
glutamine, 1 mM pyruvate, 5 mM mercaptoethanol, strep- 
tomycine at 100 ug/ml, penicillin at 100 IU/ml and 10% heat 
inactivated fetal calf serum) and their concentration was ad- 
justed to 2x 10~* per ml. Viability determined by trypan blue 
exclusion was 85-95%. Spleen cells were cultured in 96-well 
flat bottomed microtiter plates. Each well contained 2x 10-° 
lymphocytes in culture medium and appropriate concentra- 
tions of mitogens (Concanavalin A (ConA, Pharmacia) at 1, 10, 
25 and 50 yg/ml; Phytohemagglutinin (PHA, Sigma) at dilu- 
tions of 1/25, 1/10 and 1/5; Pokeweed mitogen (PWM, Sigma) 
at 1, 10, 50 and 100 zg/ml). Cultures were made in triplicates. 
Plates were incubated at 37°C in a 5% CO, atmosphere. On 
day 3 of incubation, the cultures were pulsed with 1 «Ci of 
(methyl-*H)-thymidine (specific activity 1 Ci/mmol: CEA) 
and 14 hours later cells were harvested on glass filter papers 
(Titertek). Mitogen stimulated assays were expressed as the 





SOCIAL STRESS IN RESIDENT-INTRUDER DYADS 


TABLE | 


TAIL-FLICK LATENCIES (MEAN + S.E.M.) ACCORDING TO EXPERIMENTAL CONDITIONS IN ANIMALS OF THE 
SECOND EXPERIMENTAL SERIES 





Isolation 


(n=9) (n=10) 


Pair-housing 


Resident-intruder dyads 


Subordinate 
(n=9) 


Dominant 


(n=9) Statistics 





Tail-flick latency 
(sec) 


4.85¢ + 0.61 


4.944 + 0.34 


3.407 + 0.29 3.73t¢ + 0.31 F(3,33)=3.78* 





One resident-intruder dyad was discarded because of an inversion of dominance (*p<0.05). Means with different 


superscripts differ from each other at p<0.05. 


TABLE 2 
BEHAVIOURAL RESPONSE TO A 10-MIN OPEN FIELD TEST ACCORDING TO EXPERIMENTAL CONDITONS 





Isolation 


Pair-housing 


Resident-intruder dyads 


Subordinate 
(n=18) 


Dominant 
Statistics 





Outside squares 
Inside squares 
Rearings 
Grooming (sec) 
Defecations 


I+ I+ I+ I+ I+ 
oDMwW 
I+ + H Ht I+ 


146§ 
228 
73§ 

112§ 

3.54 


14 F(3,63)=3.02* 
4 F(3,63)=7.44 
8 F(3,63)=2.87* 
21 F(3,63)=7.24t 
0.5 F(3,63)= 1.46 


I+ I+ It I+ I+ 
I+ I+ I+ I+ I+ 





In pair-housed animals, one set of data was missing because of problems in data transfer. (*p<0.05, tp<0.01). 
Means with different superscripts differ from each other at p<0.05. 


mean counts per minute (cpm) of stimulated cultures minus 
the mean cpm of control cultures containing no mitogen. For 
each animal and each mitogen, lymphocyte stimulation val- 
ues were calculated by dividing the sum of corrected cpm for 
each mitogen concentration by the number of concentrations 
tested. This was necessary because the shape of dose- 
response curves for each mitogen differed between individ- 
uals within a same experimental group. 


Statistical Analysis 


Data were analyzed by standard ANOVA techniques fol- 
lowed by post hoc comparison of groups with contrasts. 
Within each dyad, differences between the dominant and the 
subordinate were tested by parallel t-test. Non normal data 
were analyzed by the Mann-Whitney U-test. When appro- 
priate, parametric or non parametric correlation analyses 
were used. 


RESULTS 


In the twenty resident-intruder dyads studied in this ex- 
periment, the social status of each member of the pair was 
already apparent after one night of coexistence and did not 
change until the end of the study. In one dyad, an inversion 
of dominance took place after the Sth day of coexistence, 
and this dyad was excluded from the rest of the analysis. In 
another dyad, the intruder was severely injured and died 


after 4 days of coexistence. During the morning observation 
periods, only dominant animals initiated lateral threats and 
attacks while subordinate animals reacted with defensive 
upright postures and vocalizations. The frequency of attacks 
decreased to negligible levels with the duration of cohabita- 
tion (7.92+ 1.74 on day | versus 0.23+0.23 on day 10, n=13, 
F(1,12)=20.7, p<0.01). No fighting was observed in pair- 
housed animals coexisting from their arrival in the labora- 
tory. 

In most of the dyads (13 out of 19), residents became 
dominant, but 6 intruders succeeded in defeating their resi- 
dent partner. The probability of this last event was not signif- 
icantly influenced by the respective aggressiveness of the 
resident and the intruder (25% of the intruders became domi- 
nant in aggressive resident-non aggressive intruder dyads, 
33% in non aggressive resident-non aggressive intruder dyads 
and 40% in non aggressive resident-aggressive intruder 
dyads). 

Scars on the back were not observed in individually 
housed animals and were found at a very low level in only 
one animal among the pair-housed animals. In contrast, in 
resident-intruder dyads, all subordinates had scars but not 
one was found in dominants. There was a considerable inter- 
individual variation in the number of scars since it ranged 
from 2 to 17 (median value 5). Subordinates in dyads includ- 
ing at least one aggressive animal had more scars than sub- 
ordinates in dyads where both partners were scored as non 
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aggressive before cohabitation (7.7 versus 3.0, Mann- 
Whitney U-test, p<0.05). 

Tail-flick latencies differed significantly according to the 
experimental conditions (Table 1). Dominant animals 
showed lower latencies than isolated and pair-housed rats 
(p<0.05). 

The results of the open-field test are summarized in Table 
2. All animals started ambulating immediately after having 
been placed in the center of the apparatus. In resident- 
intruder dyads, dominant animals differed from subordinates 
by exploring the field during the whole observation period, 
while subordinates engaged in a short exploration period and 
thereafter retired in a corner where they started grooming. 
As a result, the ambulation score in both outside and inside 
squares was lower in subordinates than in dominants 
(t(17)=2.35 and 5.31 respectively, p><0.05). However, domi- 
nant and subordinate animals did not differ from isolated and 
pair-housed rats. Dominants also showed more rearings than 
subordinates, 1(17)=3.21, p=0.01. Grooming lasted longer in 
subordinates than in dominants, t(17)=3.67, p<0.05. In ad- 
dition, subordinates groomed longer than isolated and pair- 
housed animals (p<0.05). 

The changes in the mean body weight of experimental 
animals are represented in Fig. 1. Both dominant and subor- 
dinate animals lost weight during the first night of cohabita- 
tion in comparison to their initial body weight (t(17)=4.63 
and 8.38 respectively, p><0.01). The percent weight loss ob- 
served in subordinates during the first night of cohabitation 
was correlated with the latency to the first attack from the 
dominant after pairing (Spearman rank r(17)=0.57, p<0.05), 
but not with the number of attacks during the 1-hr initial 
observation period (r=—0.23). A split-plot analysis of vari- 
ance using initial body weight as a covariate revealed that 
over the whole observation period subordinates had lower 
body weight than dominants, isolates and pair-housed 
animals, F(3,63)=9.0, p<0.01. 

The mean weights of the prostate gland and the thymus 
expressed as percent of the body weight (relative weight), 
and the mean hormonal values, together with the standard 
errors for each mean, are listed in Table 3. Table 4 lists the 
results of the lymphocyte stimulation test. Mean relative 
prostate and thymus weights were lower in subordinate than 
in dominant animals (¢(17)=3.1 and 2.3 respectively, 
p<0.05). In both cases, subordinates and dominants did not 
differ from isolates and pair-housed animals. Plasma cor- 
ticosteroids were higher in subordinates than in dominants, 
t(17)=2.73, p<0.05, and isolates (contrast p<0.05). 
Tyrosine hydroxylase activities in the left adrenal were 
higher in dominants and subordinates than in isolated and 
coexisting rats (p<0.05). In addition there was a significant 
correlation between TH activities in dominants and subordi- 
nates, r=0.54, p<0.05. TH activities in the superior cervical 
ganglia did not differ according to experimental conditions. 
Lymphocyte stimulation values were lower in subordinates 
than in dominants and isolates in PHA- and PWM-stimulated 
cultures. Incorporation of *H-thymidine in PHA-stimulated 
lymphocytes of dominants and subordinates of the resident- 
intruder dyads were correlated, r=0.73, p<0.05. 

The physiological and behavioural variations of domi- 
nants and subordinates were only related to their social 
status in the dyads and not to their initial allocation as resi- 
dents and intruders: there were no behavioural and physi- 
ological differences between residents which became de- 
feated and defeated intruders or between dominant intruders 
and dominant residents. 
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ISOLATION n=22 
COEXISTENCE n= 10 
DOMINANT n= 18 
SUBORDINATE n= 18 


% INITIAL BODY WEIGHT 








FIG. 1. Evolution of body weight, expressed as percent of initial 
body weight in the different experimental groups. Mean initial body 
weight was 370 g and did not differ according to experimental condi- 
tions. For the clarity of presentation, the standard error of each 
group mean is represented only on the last day. 


DISCUSSION 


The results of the present experiments demonstrate that a 
10-day coexistence of previously isolated male rats in 
resident-intruder dyads results in complex behavioural and 
physiological changes in both members of the dyads. Many 
of the differences observed between dominants and subordi- 
nates within dyads have already been reported by several 
authors using similar or different social settings in laboratory 
rodents as well as in other animal species. This is the case 
for the advantage of being a resident in paired encounter 
tests [11, 13, 15], the decrease in aggression over the course 
of cohabitation [28,29], the loss of weight in subordinates 
[1,23] and their lower prostate relative weight [9, 10, 28]. 
Findings with respect to other parameters are less clear-cut. 
The variability in the effects of dominance-subordination on 
pituitary-adrenal activity has already been pointed out [5,6]. 
Sympathetic activity may be higher in subordinate than in 
dominant mice [26] and tree-shrew [27] although in gerbils 
there was the same trend as the one observed here (i.e., a 
similar enhancement of sympathetic activity in subordinates 
and dominants) [29]. Ambulation in the open-field decreased 
in repeatedly defeated rats [34] but it increased in subordi- 
nate mice after 7 days of cohabitation [2]. Changes in pain 
threshold have also been described after short-term aggres- 
sive encounters both in mice and in rats [24, 31, 32], but the 
possible existence of long-term changes had not yet been 
explored, in spite of the evidence that chronic coexistence, 





SOCIAL STRESS IN RESIDENT-INTRUDER DYADS 


TABLE 3 
MEAN RELATIVE WEIGHT OF THE PROSTATE AND THYMUS AND HORMONAL VALUES ACCORDING TO EXPERIMENTAL CONDITIONS 





Isolation 


(n=22) (n=10) 


Pair-housing 


Resident-intruder dyads 


Subordinate 
(n=18) 


Dominant 


(n=18) Statistics 





Prostate relative 
weight 

Thymus relative 
weight 

Plasma corticosteroids 
(ng-ml~') 

TH activities 
(% of isolated) 


0.474§ + 0.02 
0.78¢§ + 0.03 
12.8 


(10.5-15.6) 
100.0¢ +48 


21.44§ 


98.64 


0.444§ + 0.02 


0.80¢§ + 0.03 


(13.5—33.9) 
+ 12.5 


0.564 + 0.04 0.40§ + 0.02 F(3,64)=5.94t 


0.834 + 0.04 0.67§ + 0.05 F(3,64)=3.45* 
16.8% 
(12.9-21.4) 


128.2§ + 9.6 


41.2§ 
(31.6-52.5) 
126.48 + 8.6 


F(3,64)=3.89* 


F(3,64)=3.78* 





Plasma corticosteroids were submitted to a logarithmic transformation and the data show the mean and the range of variation (+s.e.m.). 
TH activities in the left adrenal gland were expressed as percent of the mean of isolated animals (*p<0.05, tp<0.01). Means with different 


superscripts differ from each other at p<0.05. 


TABLE 4 
MEAN SPLEEN LYMPHOCYTE STIMULATION VALUES ACCORDING TO EXPERIMENTAL CONDITIONS 





Isolation 
(n=12) 


Resident-intruder dyads 


Dominant 
(n=9) 


Subordinate 


(n=9) Statistics 





ConA-stimulated lymphocytes 
PWM-stimulated lymphocytes 
PHA-stimulated lymphocytes 


154564 + 6778 
1419617 + 5193 
645097 + 3933 


152534 + 7538 
1335467 + 4755 
65013+ + 6336 


121036 + 16530 
105067+ + 16437 
42390¢ + 10133 


F(2,27)=3.05 
F(2,27)=4.02* 
F(2,27)=4.09* 





Each value represent the average incorporation of *H-thymidine, expressed as cpm of stimulated cultures minus cpm of 
non-stimulated cultures over the different concentrations of mitogen. Means with different superscripts differ from each 


other at p<0.05. 


at least in pair-housed gerbils, leads to differential changes in 
brain opioid levels [29]. In the same way, there has been no 
study on variation of cellular immune function in animals of 
different social status and most of the literature on stress and 
immunity has concentrated on the use of electric shock as a 
stressor [21]. Decreases in lymphocyte stimulation values 
and reduced relative weight of thymus which were apparent 
in subordinate animals in the present experiment, may be a 
priori related to the higher pituitary-adrenal activity of these 
animals as compared to dominants. This possibility requires 
further investigation. 

The differences between dominant and subordinate 
animals in the resident-intruder dyads may be contrasted 
with the absence of difference between isolated and pair- 
housed rats. However, most of the studies on the effects of 
differential housing in this species have contrasted 
individually-housed animals to groups of several individuals, 
often of both sexes, and it is now apparent that simple expla- 
nations such as the existence of an “‘isolation stress syn- 
drome”’ have to be dismissed [7]. 

Many of the divergent data noted above may be related to 
the failure of distinguishing between the respective influence 
of social status, frequency of agonistic interactions and con- 
trollability or individual role in the group. Since the dyad 
paradigm allows a clear assessment of the social status of 
each member of the pair and since aggressive interactions 


are by definition reciprocal in this social setting, it is possible 
to sort out the respective role of each of these factors in the 
determinism of the observed changes. These changes fall 
into three different classes, dichotomic, concomitant and 
specific. Dichotomic changes occur when dominants and 
subordinates evolve in an opposite direction as compared to 
individually- and pair-housed animals. This is the case of 
ambulation scores and rearings in the open-field and relative 
weight of prostate and thymus. 

A second type of reaction may be described as concomi- 
tant. In this case, dominants and subordinates evolve in the 
same direction as compared to isolates and pair-housed 
animals. Such an evolution may be detected by the combi- 
nation of both correlation analysis and comparison of the 
means. If both members of the dyad are affected in the same 
way correlation analysis yields a significant positive coeffi- 
cient of correlation between dominant and subordinate val- 
ues without any difference in the mean values; this is the 
case for adrenal TH enzymatic activities. If one group is 
affected more than the other but with the same general trend, 
then statistical analysis yields a significant positive coeffi- 
cient of correlation together with a significant difference be- 
tween means. This is the case for lymphocyte stimulation 
values. 

The third type of variation is specific in the sense that 
only one group of animals is different from all others. This is 
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the case of body weight, plasma corticosteroid concentra- 
tions and grooming activity of subordinates in resident- 
intruder dyads. 

These three patterns of reactions may be regarded as dis- 
crete and independant variations to different aspects of the 
social situation or as a consequence of parallel transition 
curves for these parameters with slightly different ampli- 
tudes between dominants and subordinates in the course of 
cohabitation. One possibility to tackle this problem is to 
study the time course of these parameters after confronting 
the animals. In any case, changes of the first and third 
categories express the predominant influence of social status 
while changes of the second category express the influence 
of reciprocal interactions (e.g., fighting) between animals, 
superimposed or not on social status. Overall, the results of 
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the present experiment suggest that subordination in the 
dyadic resident-intruder paradigm is associated with marked 
behavioural and physiological changes in the form mainly of 
altered reactivity to the open-field, loss of weight, decreased 
relative weight of thymus and prostate, enhanced plasma 
corticosteroids and reduced cellular immunocompetence. 
Some of these changes (cellular immune function) are mod- 
ulated to some extent by reciprocal fighting which, in addi- 
tion, has an effect of its own on sympathetic activity. 
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THORNTON, S. N. The influence of central infusions on drinking due to peripheral osmotic stimuli in the pigeon (Columba 
livia). PHYSIOL BEHAV 36(2) 229-233, 1986.—The drinking responses of pigeons infused simultaneously IV (0.334 
ml/min) and ICV (2 l/min) for 15 min with various osmotic solutions were observed during, and for 60 min after, the 
combined infusions. Drinking in response to IV infusion of 0.5 M NaCl or 1.0 M sucrose was unaffected by simultaneous 

. ICV infusion of 0.15 M NaCl, enhanced by ICV 0.3 M NaCl, inhibited during the infusion of water ICV and attenuated by 
ICV infusion of 0.9 M sucrose. Drinking in response to IV infusion of 1.0 M NaCl or 1.5 M sucrose, two solutions that 
would have greatly increased CSF sodium concentration, was only slightly affected by simultaneous ICV infusions of 
NaCl, sucrose or water. These results show that drinking following IV administration of osmotic stimuli can be affected by 
ICV infusions that may have further increased or decreased CSF sodium concentration thereby suggesting that CSF 
sodium concentration may play a ‘permissive role’’ in osmotically induced drinking. 
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ANDERSSON and his colleagues have suggested that drink- 
ing in response to intravascular administration of stimuli that 
would have caused cellular dehydration may be mediated by 
a cerebro-ventricular sodium receptor mechanism not an 
osmoreceptor mechanism (for review see [1]). In goats, it 
was found that drinking in response to intracarotid (IC) infu- 
sion of hypertonic (1 M) NaCl or fructose was inhibited by 
simultaneous intracerebroventricular (ICV) infusion of 
hypotonic or isotonic D-glucose or fructose [7,8]. Drinking in 
response to the IC infusion started a few minutes after the 
end of the ICV infusion. ICV infusion of 0.14 M NaCl or 0.3 
M D-glucose (with the glucose dissolved in 0.14 M NaCl) did 
not have this inhibitory effect on drinking in response to a 
simultaneous IC infusion of 1.0 M NaCl [7]. 

Although these results provide support for a cerebral 
sodium receptor mechanism, there is now a growing body of 
evidence that challenges whether this mechanism is solely 
responsible for drinking. Intravascular infusion of hyper- 
tonic (1 M) NaCl has been shown to increase the sodium 
concentration of the cerebrospinal fluid (CSF) in dogs [10] 
and sheep [6]. Other substances such as sucrose, glucose and 
urea, infused intravascularly in hypertonic solution (1 M), 
also cause an increase in CSF sodium concentration. Yet, in 
dogs and sheep, glucose and urea do not cause a drinking 
response while NaCl and sucrose do. Glucose and urea are 
also much less effective dipsogens in goats at the same con- 
centrations [7]. Therefore, it appears as though an increase 
in CSF sodium concentration is not the most important link 





for drinking in response to peripherally administered osmotic 
stimuli and that an osmoreceptor is perhaps the more appro- 
priate mechanism to consider. 

It was decided to investigate the influence of ICV infu- 
sions of isotonic and hypertonic NaCl or sucrose on periph- 
eral osmotic stimuli in pigeons since they respond rapidly to 
thirst stimuli and have already been shown to drink in re- 
sponse to either intravenous (IV) or ICV administration of 
hypertonic NaCl [4]. In response to an IV load they have 
been shown to drink a volume of water approximately equal 
to that required to dilute the remaining osmotic load in the 
body to isotonicity with the preinfusion plasma [9]. Intrave- 
nous infusion of hypertonic sucrose also caused drinking in 
pigeons and the response varied with the amount of solute 
infused, but sucrose did not cause drinking when infused 
ICV in hypertonic solution [4]. The ICV infusions used here 
were intended to influence the concentration of sodium in 
the CSF, hypertonic NaCl to increase it, isotonic sucrose to 
decrease it without affecting CSF osmolality and hypertonic 
(0.9 M) sucrose to drastically decrease CSF sodium as well 
as to increase CSF osmolality. Although an increase in CSF 
sodium has been found following similar IV infusions in an- 
aesthetized pigeons it was not possible to measure the 
changes actually produced in the CSF here due to the ex- 
treme difficulty of obtaining CSF samples from conscious 
behaving pigeons [9]. The concentrations used in this paper 
for the peripheral and central infusions are similar to those 
used by others cited above. Two concentrations of NaCl and 
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FIG. 1. The cumulative volume of water drunk in response to an IV 
infusion of 0.5 M NaCl and various solutions infused simultaneously 
ICV, after a 15 min infusion and 60 min after the end of the infusions. 


Number of birds in parentheses. *p<0.05 compared with the IV 
stimulus plus ICV 0.15 M NaCl. 


sucrose were used to distinguish more clearly the influence, 
if any, of the ICV infusions on a very strong stimulus to 
drinking (IV infusion of 1.0 M NaCl or 1.5 M sucrose) and a 
less strong stimulus (IV infusion of 0.5 M NaCl or 1.0 M 
sucrose). 


METHOD 
Animals 


A total of 16 male and female pigeons (Columba livia) 
were used in these experiments. They weighed 250—400 g and 
were housed individually in wooden home cages (60x38 x40 
cm) enclosed except for a wire screen front, and equipped 
with a perch. Water and 1.7% NaCl solution were available 
in graduated burettes. Food (Haith’s super polished pigeon 
corn and commercial wheat in a 1:1 mixture) and mineral grit 
were available in hoppers. Room temperature was main- 
tained at 25+1 degrees centigrade and humidty between 45% 
and 50%. The room lights were on from 07.00 to 19.00 hr. 

All pigeons were anaesthetised with Equithesin (3.0 ml/kg 
body weight, IM) and a cannula implanted stereotaxically in 
the third cerebral ventricle and a catheter inserted into the 


THORNTON 


INTRAVENOUS 10M NaCl 


after a 15min infusion 


(ml) 


— 





— 


60 min after infusion 
(7) 


CUMULATIVE VOLUME OF WATER DRUNK 





(8) 
03M 09M water 


sucrose 


infused into the cerebral 


FIG. 2. The cumulative volume of water drunk in response to an IV 
infusion of 1.0 M NaCl and various solutions infused simultaneously 
ICV, after a 15 min infusion and 60 min after the end of the infusion. 
Number of birds infused in parentheses. 


ventricles (ICV) 


jugular vein, as described previously [5]. The catheter and 
the cannula were externalized on the head and fixed to the 
skull with dental acrylic polymer around 4 jewellers screws 
in the skull. The birds were allowed 6-10 days to recover 
from the operation before the experiments began. 


Infusion Procedure 


The birds were placed in a special test cage, to which they 
had previously become habituated, 1 hr before the experi- 
ment began. The 2 infusion pumps were set up, one either 
side of the test cage, and the infusion lines passed from the 
syringes, containing the test solutions, into the cage through 
a hole in the top of the cage. Birds were removed, weighed, 
connected to both the IV and the ICV infusion systems and 
replaced in the test cage several minutes before the infusions 
began. After 2 ml of 0.15 M NaCl were infused IV at 
0.334 ml/min the infusion tubing was connected to the 
syringe containing the test solution which was then infused 
at the same rate. The infusion pump with the solution to be 
infused ICV was switched on at a time such that both test 
solutions entered the bird simultaneously. Solutions were 
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CUMULATIVE VOLUME OF WATER DRUNK 


water 


infused into the cerebral ventricles (ICV) 
FIG. 3. The cumulative volume of water drunk in response to an IV 
infusion of 1.0 M sucrose and various solutions infused simulta- 
neously ICV, after a 15 min infusion and 60 min after the end of the 
infusions. Number of birds in parentheses. *p<0.05, **p<0.01 com- 
pared with IV 1.0 M sucrose and 0.15 M NaCl ICV. 


infused into the third cerebral ventricle at 2 ul/min. Both 
pumps were switched off 15 min later. After a further 15 min 
the birds were removed and disconnected from the infusion 
tubing and replaced in the test cage. The latency to the drink- 
ing response and the volume of water drunk during the infu- 
sion (15 min) and during the 60 min following the end of the 
infusions (75 min) were recorded. At the end of the experi- 
mental period the pigeons were returned to their home cages. 
Birds were tested, at most, every 3 or 4 days. No other 
consummatory behaviours were observed following any of 
the IV or ICV infusions of all the solutions used here. Some 
of the birds showed a stress reaction (huddled up and feath- 
ers ruffled) towards the end of the combined infusion of 1.0 
M NaCl IV (the very strong thirst stimulus) and some of the 
ICV infusions but this reaction passed away quickly after the 
end of the infusions and the birds began drinking avidly. 


Solutions 


All solutions were made up freshly on each day of the 
experiment in distilled water from analytical grade reagents 
and kept in stoppered glass containers. 
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FIG. 4. The cumulative volume of water drunk in response to an IV 
infusion of 1.5 M sucrose and various solutions infused simulta- 
neously ICV, after a 15 min infusion and 60 min after the end of the 
infusions. Number of birds infused in parentheses. 


Statistics 


All results are presented as mean plus or minus the stand- 
ard error of the mean (mean+SEM) and analysed using 
Dunnett’s test for multiple comparisons with a control [2]. 
The control in all cases was the IV stimulus with the ICV 
infusion of 0.15 M NaCl. 


RESULTS 


Drinking in Response to IV Infusions of Isotonic and 
Hypertonic NaCl and Various Solutions Infused 
Simultaneous ICV 


Intravenous 0.15 M NaCl. The mean volume of water 
drunk at the end of the experiment in response to IV infusion 
of 0.15 M NaCl plus simultaneous ICV infusion of 0.15 M 
NaCl was 1.7+0.9 ml (n=16). The same IV stimulus plus 
ICV infusions of hypertonic NaCl produced an increased 
drinking response; 7 birds drank a mean of 10.6+2.3 ml 
water in response to ICV 0.3 M NaCl and 9 birds drank a 
mean of 11.6+3.5 ml water in response to 0.45 M NaC! in- 
fused ICV. Simultaneous ICV infusion of water, 0.3 M or 0.9 
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M sucrose with the IV infusion of 0.15 M NaCl caused some 
birds to drink small volumes of water, usually less than 2 ml. 

Intravenous 0.5 M NaCl. The effect of simultaneous ICV 
infusions of isotonic or hypertonic NaCl or sucrose, or of 
water on the cumulative volume of water drunk in response 
to IV infusion of 0.5 M NaCl is shown in Fig. 1. During the 
combined infusions drinking was inhibited by water and by 
0.3 M or 0.9 M sucrose infused ICV. Hypertonic (0.3 M) 
NaCl infused ICV significantly enhanced drinking (p<0.05) 
compared with the control, ICV infusion of 0.15 M NaCl. 
However by the end of the 60 min period following the ces- 
sation of the infusions the cumulative volumes of water 
drunk in response to the IV stimulus and all the ICV infu- 
sions, except 0.9 M sucrose, were similar. Only 2 of the 8 
birds receiving the combined infusions of 0.5 M NaCI IV and 
0.9 M sucrose ICV drank; one 4.3 ml and the other 8.8 ml. 
The latter volume was similar to that drunk by the birds 
infused with the IV stimulus and 0.15 M NaCl ICV. 

Although drinking was inhibited during the combined in- 
fusion of 0.5 M NaCl IV and sucrose or water ICV these 
birds started drinking 10-15 min after the end of the infu- 
sions. The 2 birds that drank following the ICV 0.9 M su- 
crose did so in the last 30 min of the experiment. 

Intravenous 1.0 M NaCl. The cumulative volume of water 
drunk in response to 1.0 M NaCl infused IV with the various 
solutions infused ICV is shown in Fig. 2. This figure shows 
the volumes drunk by the end of the infusions and 60 min 
after the end of the infusions by which time there was no 
more drinking. Some of the birds did not drink during the 
combined infusions and appeared disturbed by the infusions. 
However, shortly after the end of the combined infusions all 
the birds had begun to drink and in most groups drank a 
volume of water similar to that consumed by the control 
birds (i.e., those infused with the IV stimulus and ICV with 
0.15 M NaCl). Sixty minutes after the end of the infusions all 
groups had consumed a volume of water that was similar to 
the control intake. 


Drinking in Response to IV Infusion of Hypertonic Sucrose 
and Various Solutions Infused Simultaneously ICV 


Intravenous 1.0 M sucrose. Drinking in response to IV 
infusion of 1.0 M sucrose was unaffected by simultaneous 
ICV infusions of 0.15 M NaCl or 0.3 M sucrose; but was 
enhanced during the infusion period by simultaneous ICV 
infusion of hypertonic (0.3 M) NaCl. ICV infusion of water 
blocked drinking in response to IV sucrose during the infu- 
sion, while ICV 0.9 M sucrose attenuated drinking for the 
whole of the experiment (Fig. 3). 

The volume of water drunk in response to the IV stimulus 
and ICV 0.3 M NaCl simultaneously was significantly 
greater (p<0.05), by the end of the infusions, than that drunk 
by the controls (IV 1.0 M sucrose and ICV 0.15 M NaCl). 
However by the end of the experiment the volumes were not 
significantly different. This pattern of drinking is similar to 
that seen following the combined infusions of 0.5 M NaCl IV 
and 0.3 M NaCl ICV. 

Drinking in response to the IV infusion was completely 
abolished in 6 of the 8 birds infused simultaneously with 0.9 
M sucrose ICV. The two birds that drank consumed 6.8 ml 
and 11.8 ml respectively during the infusion. These birds did 
not drink any water after the end of the infusions. 

ICV infusions of water blocked drinking in response to 
the simultaneous IV infusion of 1.0 M sucrose. However the 
birds started drinking 10-15 min after the end of the com- 
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bined infusions and had drunk a volume of water similar to 
that drunk by the controls by the end of the experiment (Fig. 3). 

Intravenous 1.5 M sucrose. Drinking in response to 1.5 M 
sucrose infused IV was not affected by simultaneous ICV 
infusions of 0.45 M NaCl, 0.3 M or 0.9 M sucrose or by water 
infused ICV when compared to the control condition of 1.5 
M sucrose IV and 0.15 M NaCl ICV (Fig. 4). Pigeons drank 
rapidly after the end of the combined infusions and 30 min 
after the infusions had consumed approximately 87% of the 
total for the experiment. By the end of the experiment the 
volume of water drunk following all conditions was not sig- 
nificantly different from that drunk by birds infused with the 
IV stimulus and ICV with 0.15 M NaCl. 


DISCUSSION 


The mechanisms responsible for drinking following the 
combined IV and ICV stimuli used in these experiments may 
involve more than one system. An osmoreceptor mechanism 
has been proposed to account for drinking in response to 
hypertonic solutions of NaCl or sucrose infused IV in pi- 
geons [9] but whether this accounts for drinking in response 
to hypertonic NaCl infused ICV is not certain. The os- 
moreceptor has been proposed to lie in close proximity to the 
cerebroventricular space [10] thus an ICV infusion of hyper- 
tonic NaCl could induce drinking through activation of this 
osmoreceptor mechanism. On the other hand Andersson [1] 
has proposed that a CSF sodium specific receptor mech- 
anism is responsible for drinking in response to hypertonic 
NaCl infused ICV. Therefore a sodium specific receptor may 
also be responsible for drinking to the IV and ICV infusions 
used here since hypertonic solutions of NaCl or sucrose in- 
fused IV have been shown to increase CSF sodium concen- 
tration in dogs [10], sheep [6], rats [3] and to some extent in 
pigeons [9]. CSF sodium has been shown to increase in pro- 
portion to the concentration of the solution infused [6]. Infu- 
sions of 1.0 M NaCl and 1.5 M sucrose IV may have in- 
creased the CSF sodium concentration to such an extent that 
the ICV infusions did not alter it sufficiently to influence 
drinking in response to the osmotic stimuli as seen in Figs. 2 
and 4. The general attenuation seen in birds infused IV with 
1.0 M Nacl by the ICV infusions, may have been due to 
them being slightly disturbed by the combined infusions but 
they went on to drink normally after the end of the infusions. 

However, since it was only the ICV infusions of sucrose 
solutions or water that effected drinking in response to the 
IV infusion of the lesser hypertonic NaCl or sucrose solu- 
tions (0.5 M NaCl or 1.0 M sucrose) and that these ICV 
infusions would have worked to decrease the CSF sodium 
concentration, a possible regulatory role for the concentra- 
tion of sodium in the CSF as regards osmotically induced 
drinking should be considered. The decrease in CSF sodium 
concentration produced by ICV water was sufficient to 
completely block drinking during the infusions. The birds in 
these two experiments did not appear disturbed by the ICV 
infusion of water which discounts the possibility of stress 
induced inhibition. The birds also began drinking very soon 
after the end of the combined infusions when, presumably, 
the CSF sodium concentration would have increased rapidly 
to levels similar to those if no ICV infusion had been given 
since water would have rapidly equilibrated throughout the 
brain and blood spaces due to local osmotic gradients. 
Hypertonic (0.9 M) sucrose infused ICV would have de- 
creased CSF sodium concentration by dilution following os- 
motic withdrawal of water into the CSF. Unlike water, how- 
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ever, the hypertonic sucrose may have not disappeared 
rapidly since it is a very viscous solution and a flow of CSF 
may have been required to wash it away. CSF flow has been 
shown to be attenuated by IV infusion of the hypertonic 
solutions used in this experiment [9]. Therefore the hyper- 
tonic sucrose may have remained in the region of the CSF 
space maintaining a decreased CSF sodium concentration 
throughout the experimental period. 

Infusion of 0.3 M sucrose ICV, while initially inhibiting 
drinking in response to IV 0.5 M NaCl, did not influence 
drinking in response to IV 1.0 M sucrose. Sucrose at this 
concentration (1.0 M) is of much greater osmotic equiva- 
lence than 0.5 M NaCl and thus the CSF sodium concentra- 
tion would have been increased to a greater extent by the 
sucrose than by the NaCl solution. This increase then ap- 
peared to be sufficient to prevent any effect of the ICV infu- 
sion. However since ICV infusions of water did influence 
drinking in response to 1.0 M sucrose the concentration of 
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sodium in the CSF could perhaps be thought of as a “‘per- 
missive agent.’ The osmoreceptor mechanism activated via 
vascular administration of a hypertonic solution of NaCl or 
sucrose may require a certain concentration of sodium in the 
CSF for it to operate effectively. 

Cerebrospinal fluid sodium concentration may therefore 
be considered to play a ‘‘permissive role’’ in cellular de- 
hydration induced drinking. Whether such a permissive ef- 
fect of sodium is mediated through a cerebroventricular 
sodium receptor mechanism or through a direct action on the 
osmoreceptor remains to be determined. 
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FERNANDEZ-GUASTI, A., K. LARSSON AND C. BEYER. Effect of bicuculline on sexual activity in castrated male 
rats. PHYSIOL BEHAV 36(2) 235-237, 1986.—The GABA antagonist (+) bicuculline methiodide (30 ng/cannula) was 
injected in the medial preoptic-anterior hypothalamic area of castrated rats treated with subthreshold dosages of testos- 
terone propionate (150 wg/kg/day). The treatment resulted in a facilitation of sexual activity suggesting a role of GABA as a 
neurotransmitter in neural processes determining sexual arousal. 


Masculine sexual behavior (+) Bicuculline 


GABAergic neurotransmission 





STEROID hormones secreted by the gonads have potent 
effects on the neural circuits mediating sexual behavior [8]. 
Brain neurotransmitters are presumably involved in these 
effects of steroids on the nervous system [14]. We recently 
reported data suggesting that gamma-aminobutyric acid 
(GABA) may serve as a neurotransmitter in the brain sub- 
strates for the masculine sexual behavior in rats [5,6]. Injec- 
tions in the medial preoptic-anterior hypothalamic con- 
tinuum (MPOA) of the GABA receptor antagonists, (+) 
bicuculline or picrotoxin, or the GABA synthesis inhibitor, 3 
mercaptopropionc acid, resulted in increased sexual activity. 
Particularly notable was the elevated speed of the intromis- 
sions preceding ejaculation and the shortening of the 
postejaculatory refractory periods, suggesting that the drug 
treatment interfered with a GABAergic neural mechanism 
normally exerting a phasic inhibitory effect on the sexual 
behavior. The present study addressed the question whether 
GABAergic neurotransmission, besides participating in 
processes generated during ongoing sexual activity, also 
exerts a tonic inhibitory influence on sexual arousal. To this 
aim, male rats were made sexually inactive by castration and 
treated with subthreshold doses of testosterone. It was asked 
if a reduction of GABAergic activity by injection of (+) 
bicuculline in the MPOA would facilitate the hormonal in- 
duction of sexual activity. 


METHOD 


Adult male Wistar rats were used in this study. Rats were 
maintained in a temperature controlled (22°C) room under an 
inverted light-dark cycle (12 hr light, lights on at 10.00). 
Animals were housed individually with ad lib access to food 
(commercial rat chow) and water. All animals were castrated 
under Brietal anesthesia (S50 mg/kg IP). The castrated males 
were tested for sexual behavior two times per week until 





they did not show any sexual activity during three successive 
tests. They were then implanted bilaterally with guiding can- 
nulae under Nebumal (40 mg/kg IP) anesthesia. The skull 
was exposed and two guiding cannulae were placed on the 
dura mater. The guiding cannulae were 1.2 mm apart at the 
level of bregma for injections in the MPOA [7]. The cannulae 
were fixed to the skull by means of acrylic dental cement. 
Two days after the operation, intrabrain injections of 30 
ng/cannula (+) bicuculline methiodide (Pierce Chemicals) or 
0.5 ul saline were made through the guide cannulae by means 
of an injection cannula (internal diameter 0.20 mm) attached 
to a 5 yl Hamilton syringe. Animals were slightly 
anesthetized with ether during the MPOA injections. The 
injection cannula was lowered 7.0 mm below the dura mater 
for injections into the MPOA. 

Immediately after the intrabrain drug injection, mating 
tests were performed, each test lasting 30 minutes. The male 
was presented with a stimulus female brought into sexual 
receptivity by sequential administration of estradiol ben- 
zoate (12.5 wg/rat—44 hr) and progesterone (0.5 mg/rat 0 hr), 
the latter injected 4 hr before testing. After the completion of 
the first test (Day 0), the males received testosterone 
propionate (TP) (Sigma Chemicals) in a dose (150 uwg/kg) that 
in previous tests had been found to be subliminal for induc- 
ing masculine sexual behavior in our strain of rats [16]. TP 
treatment was maintained for eight consecutive days. 
Further injections of 30 ng/cannula (+) bicuculline or saline 
were made on days 4 and 8 after TP treatment and the males 
were tested for sexual behavior. The following behavioral 
components were recorded: (a) Mount frequency; (b) In- 
tromission frequency and (c) Ejaculation frequency. 

After the completion of the last behavioral test, the rats 
were decapitated and the brain was removed for histological 
analysis of cannula tracks. The brains were cut on a freezing 
microtome and placement of cannulae tracks were estab- 
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FIG. 1. Effect of 30 ng/cannula (+) bicuculline methiodide (n=11, 
clear bars) or 0.5 yl saline (n= 13, dark bars) on the sexual behavior 
of castrated male rats treated daily with 150 ug/kg/day testosterone 
propionate (TP). Injections were localized to the medial preoptic- 
anterior hypothalamic area. TP treatment was begun on day 0. 
Bicuculline or saline injections were made on days 0, 4 and 8. Fisher 
F-test. *p<0.05; **p<0.02 [15]. 


lished. Data of animals in which injection cannulae place- 
ment was not located to the MPOA were not included in the 
statistical analysis. Data were statistically analyzed by using 
the Fisher F test [15]. 


RESULTS 


Results are shown in Fig. 1. At day 0, before the begin- 
ning of the TP treatment, one of the animals injected with (+) 
bicuculline, showed sexual activity, while none of the saline 
treated controls showed any sexual behavior. At day 4, a 
Statistically significant group difference was found. The rats 
that had been injected with bicuculline showed a higher pro- 
portion of mounts, intromissions and ejaculations than the 
saline treated controls. Further TP treatment resulted in an 
increase in the number of sexually active rats in both groups. 
At day 8, a tendency was seen for the bicuculline treated 
group to show a higher proportion of sexually active animals 
but the group difference did not reach statistical significance. 

We have previously reported a shortening of the 
postejaculatory interval following injection of bicuculline in 
the MPOA in intact animals [5,6]. Comparing the 
postejaculatory intervals of those animals that initiated copu- 
lation after ejaculation, the bicuculline treated rats showed 
significantly shortened postejaculatory intervals in the final 
test. (+) Bicuculline treatment: Md=4.1; saline treatment: 
Md=5.5; x?=5.42, p<0.02, Kruskal-Wallis analysis of vari- 
ance by ranks. 
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DISCUSSION 


Our findings show that injection of an agent depressing 
GABAergic neurotransmission in the MPOA facilitates the 
expression of sexual activity in castrated male rats treated 
with subthreshold doses of TP. Since intrabrain administra- 
tion of GABA antagonists may induce pituitary ACTH re- 
lease with consequent stimulation of adrenal steroid secre- 
tion [10], bicuculline might have stimulated male sexual 
behavior via stimulation of adrenal steroid secretions. How- 
ever, androstenedione, the major androgen secreted by the 
adrenals [17], has only weak effects on the initiation of mat- 
ing [3,13], making the hypothesis of an adrenal mediation of 
the effects observed less likely. 

In the review on the reflexive mechanisms underlying the 
copulatory behavior, Beach [1] proposed that sexual inter- 
course in the male depends on one mechanism for sexual 
arousal and another for the execution of the copulatory pat- 
tern, the activity of the latter being under the control of the 
former. An additional, modulatory mechanism involved in 
the control of the sexual behavior was proposed by Beyer 
[2]. Including both excitatory and active inhibitiory proc- 
esses, the modulatory mechanism was thought to be influ- 
enced by steroid hormones. It was speculated that this 
mechanism comprises neurons having neural connections 
capable of deactivating sexual behavior, and sensory path- 
ways transmitting information to these neurons. It is as- 
sumed to be influenced by variations in the secretion of 
gonadal hormones as well as by afferent impulses generated 
by environmental changes. Together with other data in this 
series of experiments, present observations support the idea 
that GABA, a recognized inhibitory neurotransmitter in the 
brain, may be an important neurotransmitter in this mod- 
ulatory mechanism. The inhibitory influence of GABAergic 
neurotransmission is manifested in two ways. Firstly, the 
ejaculation is accompanied by an active inhibitory state mak- 
ing the male refractory to sexual stimulation for a period 
which prolongs with each successive ejaculation in a very 
regular fashion. It is not unreasonable to assume that GABA, 
as an inhibitory neurotransmitter, participates in processes 
establishing such a state of sexual inactivity. Secondly, be- 
sides interfering with the postejaculatory refractory period 
during the mating pattern, GABA seems to be involved in 
determining the threshold for the hormonal activation of the 
sexual behavior. Present findings that injection of a GABA 
antagonist into the MPOA lowers the threshold for gonadal 
hormone activation of the sexual behavior supports this as- 
sumption. Further observations in line with this idea, is our 
previous finding that elevation of the GABAergic activity by 
injection of muscimol, a GABA agonist, or ethanolamine-O- 
sulphate, an inhibitor of GABA transaminase, abolishes sex- 
ual behavior [5]. 

GABA may only be one of several neurotransmitters in- 
volved in the neural circuits determining sexual arousal [9]. 
It is generally believed that catecholamines serve neural 
substrates having excitatory functions in the behavior while 
serotonergic systems have an inhibitory function. For in- 
stance, increased dopamine activity produced by adminis- 
tration of L-DOPA or apomorphine [11], or lowered 
serotonergic activity induced by administration of 
parachlorophenylalanine, a serotonin synthesis ‘inhibitor 
[16], facilitates the expression of sexual activity in castrated 
rats treated with subthreshold doses of TP. 

It has been reported that castration results in a decrease 
in GABA levels in the septum and the amygdala and that 
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testosterone treatment effectively reverses this effect [4]. 
Lesions in both these structures have been reported to result 
in increased sexual activity [12] suggesting an inhibitory role 
in the sexual behavior. It may be speculated that the inhibi- 
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tory role of these structures is due to a GABAergic mech- 
anism interacting with steroid hormones. Studies in our lab- 
oratory are presently designed to study this problem. 
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CURI, R. AND N. S. HELL. Metabolic changes of twenty weeks food-restriction schedule in rats. PHYSIOL BEHAV 
36(2) 239-243, 1986.—In previous studies several metabolic and hormonal adaptations were detected as a consequence of 
food restriction schedule (single daily meal offered during two hours from 7:30 to 9:30 a.m.) imposed for four weeks. During 
this period, the most prominent metabolic adaptations were: (1) high alimentary efficiency, (2) delayed gastric emptying, (3) 
high hepatic glycogen concentration during the intermeal periods, (4) glycemic maintenance during 22 hours of intermedal 
period as were low mobilization of free fatty acids. In the present work these metabolic adaptations were studied for twenty 
weeks. The results obtained show that the metabolic and hormonal pattern, defined during four weeks of training to such 
alimentary scheme, was maintained even after the 20th week. Moreover, it was clear that neither did the body weight 
increase rapidly nor did it reach that of free-fed rats, after adaptation phase, as reported by other authors. 


Food restriction Food utilization efficiency 


Metabolic adaptations 
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A formerly tested food restriction schedule (2 hours feed- 
ing/22 hours starvation) showed some adaptive physiological 
changes. Such adaptation were: higher efficiency in food 
utilization [1], increased. hepatic and adipose tissues 
lipogenesis [9], strong acetate and glucose incorporation as 
lipids [17], as well as a higher postprandial glycogen content 
in the liver [16], muscle [8] and adipose tissue [10]; and lower 
glycogen depletion during starvation in the liver [8, 11, 17]. 

In a previous work [11] it was found that adult rats, living 
on a food restriction schedule for one single week, exhibit 
high hepatic glycogen concentration during fourteen hours 
after habitual meal. During the intermeal period insulinemia 
was lower than that prevailing in free fed rats and gastric 
emptying occurred at a very slow rate in the former. 

Food-restricted rats recover more promptly from insulin 
hypoglycemia than those living on a free-feeding schedule. 
They attain normoglycemic level 120 minutes after insulin 
administration without a significant hepatic glycogen mobili- 
zation [6]. 

Recently, we studied the adaptive pattern in rats submit- 
ted to a food restriction scheme during four weeks [2]. In this 
study, adrenal hyperactivity was induced in both groups: 
food restricted and free-fed animals. The ingested amount of 
food progressively increased in the experimental group and 
decreased in the control group. In general, by the end of 
fourth week, metabolic efficiency tended to converge to a 
similar order of magnitude in both groups of animals. 

The delayed gastric emptying seems to be a major factor 
that is established as the adaptations to food restriction. The 





body weight of restricted rats was always lower than in the 
control group all the experimental period. 

According to several studies [7], it is reasonable to as- 
sume that the metabolic and hormonal adaptations to food 
restriction schedule would assure higher body weight gains if 
compared to control group members, after the adaptive 
period (4 weeks). 

In the present study, an identical food restriction 
schedule (2 hours feeding/22 hours starvation), was imposed 
on the rats during twenty weeks. During this period body 
weight and food intake were determined weekly in each 
group. The metabolic and hormonal parameters were eval- 
uated at the end of the 4th and 20th weeks, to confirm persis- 
tence and correlate with body weight gain. 


METHOD 


Experiments had been run with fifty-two male Wistar 
rats, weighing about 160 grams. They were kept in individual 
cages for the duration of the experiment. Twenty-six rats 
maintained under a free-feeding schedule (F, control group) 
and subdivided in two subgroups, F, and F,,., were studied at 
the end of four and twenty weeks, respectively. The other 
twenty-six rats had access to food during only two hours a 
day (R, food restricted group), from 7:30 to 9:30 a.m. The 
subgroups R, and R,, lasted four and twenty weeks, respec- 
tively, under meal-feeding schedule. 

All rats were allowed to drink water at will and were kept 
in an environment in which the photoperiod was controlled 


'This research was supported by FINEP, The National Research Council (CNPq), The Sao Paulo State Research Foundation (FAPESP) and 


CAPES. 
2Requests for reprints should be addressed to N. S. Hell. 





CURI AND HELL 








FOOD INTAKE (g) 








FIG. 1. Body weight (grams) and food intake (grams), as a function of time (weeks), in 
free-fed (solid line and open bars) and food restricted (dotted line and hatched bars) rats, 
expressed as mean+standard error of the mean (M+SE). *Significantly different (p><0.05) 


from the values in the preceding week. 


TABLE 1 


ABSOLUTE FECES ELIMINATION (g + SE) AND RELATIVE WEIGHT (g/100 g BODY WEIGHT + SE), ABSOLUTE 
FOOD INTAKE (g + SE) AND RELATIVE WEIGHT (g/100 g b.w. + SE), AND FOOD INTAKE/FECES ELIMINTION RATIO 
IN FREE-FED (F) AND FOOD-RESTRICTED (R) RATS AFTER 4 AND 20 WEEKS 





Week (End of) 4th 
Group F 


20th 
R F R 





Feces Absolute 4.07 + 0.25 - 
Elimination wt (17) 
Relative 1.43 + 0.07 
wt (17) 


Absolute 24.01 + 0.95 
wt (17) 
Relative 8.73 + 0.21 
wt (18) 


Food Intake/Feces Elimination 5.97 + 0.28 
(17) 


2.03 + 0.13* 


1.05 + 0.03* 


11.00 + 0.57* 


5.90 + 0.24* 


5.59 + 0.24 


4.91 + 0.207 2.94 + 0.20** 
(13) (7) (8) 
1.33 + 0.04 1.00 + 0.02* 
(13) (7) (8) 


23.86 + 1.62 16.34 + 0.83*+ 
(18) (8) (8) 

6.46 + 0.327 5.60 + 0.37 
(17) (8) (8) 


4.80 + 0.287 3.00, 20AF° 
(13) (7) (8) 





*Significantly different (p<0.05) from free-fed group. 


tp<0.05 (each value was compared to the corresponding value of the 4th week). 


( )=Number of animals. 


(fourteen hours light and ten hours darkness). The latter ex- 
tended from 7:00 p.m. to 5:00 a.m., while ambient tempera- 
ture was maintained at 23+2°C throughout. 

The measurements described next were performed after 
22 hours starvation, at the end of the 4th and 20th weeks 
after having been included in the respective subgroup. Each 
animal (R or F) was food-deprived for 22 hours, refed during 
two hours, and then killed 22 hours after the meal was over. 
Thus, the R were food-restricted during four and twenty 
weeks, according to the subgroup each animal was part of, 
whereas the F were food-deprived on the eve only. This 
scheme permitted us to determine the persistence of the 
metabolic pattern defined in food restriction and its influence 
on the body weight gain. 

Body weight was measured weekly in both groups. The 


amount of food intake, in a 24-hour period by the F rats and 
during a 2-hour period by the restricted group, were meas- 
ured on the first and second days and then at intervals of 7 
days. The dry weight of the feces eliminated during 24 hours 
(at the same day, food intake was determined) was meas- 
ured, after 24 hours dehydration at 85°C. 

The rats were killed by decapitation, after a rapid exposi- 
tion to ether. Blood was immediately collected and cen- 
trifuged at 2000 rpm and the separated plasma kept at —20°C 
for further assaying of glucose, free fatty acids and insulin. 
The left adrenal gland was then quickly removed, after hav- 
ing been dissected free from the involving fat, and weighed. 
The entire operation did not exceed three minutes. After- 
wards, it was used in assaying ascorbic acid. Two liver frag- 
ments (chopped to about 500 mg) were excised for glycogen 
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TABLE 2 


STOMACH RELATIVE WEIGHT (g/100 g b.w.), GLYCEMIA (mg/100 ml), LIVER GLYCOGEN CONCENTRATION (mg/100 mg 
OF LIVER TISSUE), FREE FATTY ACIDS (yeq/l), INSULINEMIA (xU/ml) AND ADRENAL ASCORBIC ACID (mg/100 g) IN 
FREE-FED (F) AND FOOD-RESTRICTED (R) RATS AFTER FOUR AND TWENTY WEEKS 





Week (End of) 4th 


Group F R 


20th 
F R 





Stomach Relative 0.59 + 0.92 


Glycemia 79.41 + 4.84 
Liver Glycogen 0.43 + 0.05 
Free Fatty Acid 1.153.22 + 61.72 
Insulin 36.71 + 4.05 


Adrenal Ascorbic 398.56 + 30.28 


0.80 + 0.02* 
Weight (% b.w.) (12) (8) 


95.00 + 6.10 
(mg/100 ml) (11) (11) 


1.48 + 0.23* 
(mg/100 mg) (12) (6) 


841.79 + 92.04* 
(ueq/1) (8) (8) 


27.83 + 2.70 
(uU/ml) (7) (6) 


420.00 + 17.80 
Acid (mg/100 g) (6) (6) 


0.54 + 0.03 0.71 + 0.02** 
(8) (7) 


76.80 + 2.92 97.30 + 4.80* 
(8) 

0.81 + 0.077 1.31 + 0.10* 
(8) (6) 
905.72 + 27.167 743.47 + 44.83* 
(6) (7) 

33.38 + 2.41 32.90 + 2.84 
(8) (8) 


357.80 + 25.50 357.30 + 24.43 
(8) (7) 





*Significantly different (p><0.05) of free-fed group. 


tp<0.05 (each value was compared to the corresponding value of the 4th week). 


( )=Number of animals. 


determination. The stomach was removed, after being tied at 

the pylorus and the cardia, to evaluate its fresh weight. 
Blood glucose was assayed, according to the ortho- 

toluidine Dubowiski method, for small samples [3]. For 


hepatic glycogen determination 0.5 g of liver was digested 
during 60 minutes in a KOH 30% heated solution, and its 
extraction was performed in two stages precipitation by 70% 
ethanol under heat. Glycogen was finally measured by 
means of the anthron (at low pH) method [5]. Free fatty acids 


(FFA) were colorimetrically determined, according to 
Falholt et al. [4], after extraction in a mixture of chloroform, 
heptane and methanol. For ascorbic acid determination the 
left adrenal was weighed and then macerated in 15 ml of 2.5% 
metaphosphoric acid. The resulting homogenate was filtered 
at 4°C and later assayed by oxidation with 2,6-di- 
chlorophenol-indophenol, according to Mindlin and Butler 
[13]. Insulin concentration in the plasma was evaluated by 
means of a modified radioimmunoassay [14], in which poly- 
ethyleneglycol was employed instead of the second 
antibody. 

For the resulting data statistical treatment the level of 
significance was set at 95% (p<0.05). Comparison between F 
and R groups, as well as intragroup, was performed by 
means of the Student f-test for non-paired samples, inas- 
much as for each studied group different animals were used. 
Body weight, feces elimination and the amount of food in- 
gested were statistically processed by comparing the weekly 
results using same test for paired samples. 


RESULTS 


The time course of body weight in groups F and R, de- 
picted in Fig. 1, shows that the food-restricted animals did 
not gain weight until the second week. After this period 
animals of the R group gradually increased their body weight 
and, at the end of ten weeks, the increment was about 67.3%. 


The F animals significantly increased their body weight dur- 
ing the first five weeks. Afterwards this growth rate de- 
creased until the tenth week, but the overall increment was 
113.3%. Between ten and twenty weeks of experiment the 
body weight of both groups did not change. Nevertheless, 
during the twenty weeks studied the body weight in F-group 
was always higher than that of R rats. 

The absolute intaken food (Table 1) in F-group was al- 
ways higher than that of R animals, week by week. In the 
food-restricted rats absolute food intake increased (p<0.05) 
from 11.00+0.57 g (fourth week) to 16.34+0.83 g (20th 
week) whereas in F-group the amount ingested did not 
change after the fourth week. On the other hand, in the free- 
fed rats the relative food intake (g/100 g b.w.) (Table 1) de- 
creased significantly from 8.73+0.21% (fourth week) to 
6.46+0.32% (20th week). In the restricted group, during the 
daily two hour period in which the rats were taken food, the 
relative amount ingested (g/100 g b.w.) did not change after 
the fourth week. 

Absolute (grams) and relative (g/100 g b.w.) feces elimi- 
nation (Table 1) was higher (p<0.05) in F-group than 
R-animals after four and twenty weeks. After twenty weeks, 
therefore, the absolute feces elimination increased (p<0.05) 
while the relative values of this parameter decreased signifi- 
cantly in both groups. 

The efficiency of food utilization, expressed as the weight 
of food ingested/weight of feces eliminated [12] (Table 1) de- 
creased in F-group (from 5.97 to 4.80) but remained fairly 
constant, during the twenty weeks in R-group (5.59 at the 4th 
against 5.55 at the 20th). In food-restricted animals the 
food/feces ratio was higher (p<0.05) than in F-group at the 
end of the twenty weeks period. These results reveal that 
rats submitted to food restriction schedule increase the food 
utilization efficiency after a prolonged period of training 
under an alimentary scheme. 

In the 20th week study as in the four weeks [2], the 
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metabolic and hormonal parameters were evaluated in rela- 
tion to adaptive changes to food restriction. 

The metabolic and hormonal parameters after 22 hours 
starvation are shown in Table 2. The relative stomach weight 
(g/100 g b.w.) was higher (p<0.05) in the R-group than for 
the free-fed rats, at 4th and 20th weeks of experiment (35% 
nearby). After the 20th week of study, the glycemic (mg/100 
ml) values became significantly higher in R-group compared 
with F-animals. The hepatic glycogen concentration (mg/100 
mg) was 244.2% higher (about 3.5 times) in R-group at the 
end of the fourth week. However, after twenty weeks of 
experiment, the same comparison showed a difference of 
61.7% (1.5 times). Free fatty acids (yweq/l) decreased 
(p <0.05) in both groups at the end of the 20th week but the 
values always remained lower (p<0.05) in R-animals. 

Insulinemia (U/ml) did not differ between R and F, in 
both studied periods. The same profile was obtained for the 
adrenal ascorbic acid (mg/100 g). 


DISCUSSION 


In the present work some relevant features of adaptations 
to food restriction were accompanied during twenty weeks. 
In previous research it was demonstrated that the food re- 
striction schedule determined metabolic and hormonal 
changes developed in a four week period [2]. During this 
time, the food-restricted rats became relatively hyperphagic. 
Moreover, these animals exhibited slow gastric emptying, 
better alimentary efficiency, higher liver glycogen concen- 
tration, fast glycemic maintenance, lower mobilization of 
FFA with no change in insulinemia after 22 hours of food 
deprivation. 

These results suggest that, after this adaptive period, the 
food-restricted animals would rapidly increase their body 
weight to reach or overtake the free-fed ones [7]. However, 
in the present work, even after twenty weeks of training 
under alimentary scheme, body weight of food-restricted 
animals was permanently lower than that of free-fed rats 
(Fig. 1). In fact, the body weight values in R-group were 
about 80% of those obtained for free-fed rats. 

The presently obtained results (Table 1) showed that the 
feces elimination (g) and absolute food intake (g) were ever 
higher in F than R. In the comparison between 4th and 20th 
weeks, the values of absolute feces elimination in both 
groups was increased, but the absolute food intake did not 
change in F-animals while it increased in R-rats (50%). 
Therefore, when these parameters were expressed as rela- 
tive feces elimination and food intake, g/100 g b.w., the in- 
crease was not detected in both groups. The relative food 
intake decreased significantly in F-group (26%) and did not 
change in R-animals in the 20th week. The food utilization 
efficiency diminished in F-group and did not change in 
R-animals after twenty weeks of study. 

In the food restriction schedule maintained during twenty 
weeks, the animals showed lower absolute food intake than 
F-group (about 7/3) and same relative food intake. On the 
other hand, food intake/feces elimination ratio was higher in 
R than in F group (16%). This last result possibly influenced 
the body weight gain in R-group (57%) from the 4th week on, 
while in F-animals it stayed at 39% approximately. 

The involved mechanisms in the decreased food ingestion 
for the F-group are certainly different from those that lead to 
an increase in the R-group. For the former, it is possible that 
habituation does play a key role, but the easy behavioral 
activity required to get food and safety in the individual 
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cages may also be relevant. For the latter, the need to keep 
the bodily functions working efficiently when food is avail- 
able for only a short time every day is probably a preponder- 
ant factor. 

The general metabolic and hormonal alterations to food 
restriction schedule, determined during four weeks in rela- 
tion to those of free-fed animals, were qualitatively similar 
after twenty weeks (Table 2). 

The relative stomach weight (g/100 g b.w.) in R-group 
that was about 35.6% higher than of F (4th week) became 
31.5% in the 20th week. Thus, the higher stomach weight in 
R-group exhibits no change from the 4th week on, which 
suggests an adaptation chronically established. 

In the F-group glycemia was more affected by starvation 
than in food-restricted animals, mainly in the 20th week 
(26.7% higher in the R-group). 

Liver glycogen concentration was higher in the restricted 
than in the free-fed animals after four (244%) and twenty 
(61.7%) weeks. In the rats with free access to food by 20 
weeks, glycogen mobilization during 22 hours of starvation 
modified, reaching twice the level detected in 4-weeks. This 
result is relevant, indicating that, possibly, the age and arti- 
ficial conditions could change the glycogenolitic enzymes 
activity. 

Just as in the 4-week experiment [2] free fatty acids con- 
centration was ever lower in the food-restricted rats. On the 
other hand, at the end of 20-weeks study, free-fed animals 
mobilized lower FFA than in the initial four weeks. This 
result and that of hepatic glycogen suggest that artificial 
conditions and age could change lipids and carbohydrate me- 
tabolism. 

Insulinemia did not differ between R and F groups after 22 
hours starvation in both periods studied. Thus, it is likely 
that food restriction schedule and artificial conditions did not 
significantly affect the pancreatic hormonal releasing during 
starvation. 

Adrenal ascorbic acid content, inversely related to corti- 
costerone concentration in plasma, was not different be- 
tween R and F groups after four and twenty weeks. There- 
fore, the stress provoked by food restriction schedule disap- 
peared at the end of adaptive period (four weeks). On the 
other hand, sudden 22 hours starvation also did not cause 
stress in free feeding schedule. 

It is possible that the overmentioned adaptive pattern was 
not an important factor to the increase body weight. Al- 
though there was a body weight increment during ten weeks, 
the values of R-group were ever lower than in F-rats. These 
results lead us to infer that there is no strict linkage between 
metabolic adaptation characteristic of alimentary scheme 
and body weight gain, even in prolonged food restriction. 
Thus, if food restriction is extended to twenty weeks, rats 
become able to ingest in two hours about 68.5% of the 
amount eaten by the F-animals in 24 hours. Their body 
weight augments proportionately, although the normal levels 
are never attained, contrary to what has been reported [7]. 

Although in food-restricted animals the body weight was 
ever lower than for free-fed rats, the body weight profile was 
very similar between the two groups. It turned out to be 
clear, in the present study, that animals, R and F groups, 
stabilized their body weight after the tenth week. This fact 
suggests that body weight gain does not depend upon the 
alimentary schedule only but, moreover, upon experimental 
conditions including: individual cages, light-dark cycle and 
individual stay under experiment. There remains to remark 
that Nicolaidis et al. [15] recommend individual cages for 
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rats, with light only in the area where food and water are 
placed, however. 

Finally, the present work demonstrated that food restric- 
tion schedule determines metabolic and hormonal adapta- 


tions, completely defined since the end of the 4th week. 
From then on the adaptive pattern plays a role, acting on 
body weight, but the levels in free-fed rats are never at- 
tained. 
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HENNESSY, M. B. Multiple, brief maternal separations in the squirrel monkey: Changes in hormonal and behavioral 
responsiveness. PHYSIOL BEHAV 36(2) 245-250, 1986.—Infant squirrel monkeys had their mother removed from the 
home cage for 2 hr on 80 occasions between 12 and 31 weeks of age. The initial separation elicited high levels of infant 
vocalizations. By the second observation session (Separation 14), no vocal response to separation was observed. Plasma 
cortisol levels were markedly elevated at the beginning of the separation series, and there was a significant decline in this 
response by Separation 28, which was the next separation during which cortisol was monitored. However, there was no 
further decline, so that significant cortisol elevations were observed throughout the remainder of the separation series. At 
35 weeks, the infants were separated one additional time and their responses were compared to those of a previously 
nonseparated control group. The control group vocalized more, but the two groups exhibited equivalent cortisol elevations. 
Observations of time spent riding on the mother during undisturbed conditions indicated that both groups developed 
independence from the mother at about the normal rate. Overall, the data show that brief separation from the mother can 
activate the infants’ pituitary-adrenal system even when the infant has been separated 80 times previously, no longer 
appears behaviorally responsive to separation, is almost 9 months of age, and exhibits normal signs of independence from 


the mother. 


Multiple separation 
Squirrel monkey 


Maternal separation 


Pituitary-adrenal 
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THE infant squirrel monkey (Saimiri sciureus) exhibits a 
strong social relationship or attachment to its mother as 
shown by tests of recognition and preference, and by behav- 
ioral agitation upon separation [12, 14, 15]. Removal of the 
mother also triggers a physiological reaction associated with 
increased stress or arousal; that is, a sharp increase in 
pituitary-adrenal activity, as evidenced by rapid rises in 
plasma concentrations of cortisol [4]. 

Not only does brief separation evoke pituitary-adrenal 
activation in young Saimiri, but studies to date have found 
no habituation of this response. When exposed to six mater- 
nal separations of either 1 or 4 hr in length, infants responded 
with increases in cortisol levels during the final separation 
that were as great as those seen during the first removal of 
the mother [3,5]. A third study [13] found no change in the 
magnitude of the cortisol response across 20 separations that 
averaged 30 min in length. However, in each of these 
studies, the young Saimiri were separated in novel surround- 
ings (Coe, personal communication re: [5]). It is known that 
in laboratory rodents the adrenocorticoid response to 
novelty alone can be quite resistant to habituation [10]. 
Thus, the repeated exposure to novelty could have contrib- 
uted to the persistence of the cortisol response observed in 
these experiments. Another point that remains unclear is the 
relationship between cortisol and behavioral responses dur- 
ing repeated separations. For instance, in two of the studies 


cited above [3,5], there was a rapid reduction in vocalization 
rate across six separations, whereas Jordon ef al. [13] ob- 
served a high and steady rate of vocalizations during the 
period from Separation 8-20 that they monitored their 
animals. Additional data relating changes in behavior to 
those in cortisol during repeated separations in familiar sur- 
roundings are needed to clarify this issue. 

The present study examined the cortisol and behavioral 
responses of infant squirrel monkeys during an extended 
series of brief maternal separations (80, 2-hr separations) 
that did not involve exposure to novelty. During separation, 
the number of high-pitched vocalizations emitted by infants 
was monitored; this is probably the most frequently em- 
ployed measure of the infant squirrel monkey’s reaction to 
separation procedures (e.g., [5,8]). To help distinguish be- 
tween changes in responsiveness due to repeated separations 
and those due to maturation, the subjects were separated one 
additional time and their responses were compared to those 
of a previously nonseparated control group of the same age. 
Finally, to provide a measure of the development of inde- 
pendence in separated and nonseparated infants, the time 
spent riding on the mother was monitored weekly under un- 
disturbed conditions. The decline with age in the amount of 
time infants spend on the mother is commonly used to assess 
the development of independence in squirrel monkeys and 
other primates [11, 22, 23). 





METHOD 


Animals 


Eleven infant Saimiri sciureus of the Bolivian variety 
served as experimental animals. Two males and three 
females comprised the separated (S) group; the remaining 
three males and three females served as nonseparated (N) 
controls. Each infant was housed with its mother in a stand- 
ard primate cage (74x64 x38 cm). The cages were situated in 
a temperature-controlled indoor colony room that contained 
no animals other than those used in this study. All cages 
were aligned along one wall and no animal could view mon- 
keys in other cages. The monkeys were maintained on a 
12-hr light/dark cycle (lights on at 0630), and had ad lib ac- 
cess to New World monkey chow and water. A fruit-flavored 
drink (Tang®) containing Vitamin C was provided one day 
per week. In order to monitor the general health of the 
animals, each S and N infant was weighed once weekly. This 
procedure involved removing the infant from the home cage, 
weighing it while it was in a carrying cage, and then quickly 
returning it to the home cage. 


Separation Procedure 


Beginning at Week 12 of age, and continuing through 
Week 31, each S infant was separated from its mother for 2 
hr per day, four days per week, for a total of 80 separations. 
Each separation consisted of removing the mother from the 
home cage. She was then placed alone in a cage in a remote 
room of the animal housing facility to prevent vocal com- 
munication between mother and infant during the separation 
period. At the end of 2 hr, the mother was returned to the 
home cage. Separations were initiated between 1300 and 
1500 hr. 

At 35 weeks of age, S as well as N infants were separated 
permanently from their mothers. The procedure for this final 
separation was identical to that for the earlier multiple sep- 
arations of S animals, except that the mother was not re- 
turned to the home cage at the end of 2 hr. 


Behavioral Observations 


Vocalizations. During the multiple separations, the 
number of high-pitched vocalizations emitted by S infants 
was monitored every 13 separations (i.e., Separations 1, 14, 
27, 40, 53, 66 and 79). Observation sessions (15 min) were 
conducted during three different periods: preseparation, 
separation and reunion. Preseparation observations were 
made prior to any disturbance on a day of the same week as 
the designated separation, at approximately the same time of 
day. Separation observations were made Min 60-74 of the 
designated separation period. Reunion observations were 
made on the day of separation, immediately following the 
return of the mother to the home cage. 

Vocalizations emitted by S and N monkeys during the 
final separation were also monitored. Each monkey was ob- 
served for 15 min on two occasions: at the conclusion of the 
first hr of separation (as had been done for S monkeys during 
the earlier separations) and at 24 hr. 

Infant independence. To assess the development of infant 
independence, each S and N monkey was observed under 
undisturbed conditions for one, 15-min session per week dur- 
ing Weeks 8-31. These observations were made during 
morning hr (0930-1200 hr), and were, therefore, completed 
prior to any separation to be imposed that day. During these 
observations, the observer noted every 30 sec, on the signal, 
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whether the infant was riding on the mother in either the 
dorsal-ventral or ventral-ventral positions. All behavioral 
observations were made by experienced observers, from an 
observation booth, through one-way glass. 


Blood Sample Collection and Cortisol Determination 


During the multiple separations, blood samples from S 
monkeys were collected for analysis of plasma cortisol levels 
every 26 separations, beginning with the second (i.e., Sep- 
arations 2, 28, 54 and 80). These samples were taken at the 
end of the 2-hr separation period. The first blood sample was 
collected during Separation 2, rather than Separation 1, be- 
cause it was not possible to collect blood when reunion be- 
havior was being observed. Blood samples from S monkeys 
were collected for determination of resting cortisol concentra- 
tions on Week 11 (the week prior to the initiation of the separa- 
tion procedure) and on Week 32 (the week following the last of 
the 80 separations). The N monkeys had their blood sampled 
the same number of times and at the same ages as did the S 
animals. This was done to control for any effects that the 
blood sampling procedure might have on other measures, 
e.g., the behavioral and cortisol responses to the final sep- 
aration. Blood samples from N monkeys were generally dis- 
carded, although those collected on Week 32 were used, as 
will be described below. 

Blood samples were taken from S and N animals 2 hr and 
24 hr following the final separation at 35 weeks of age. The 
24-hr sample was drawn immediately following the behav- 
ioral observation scheduled at this time. Blood samples col- 
lected from S and N monkeys under undisturbed conditions 
at 32 weeks of age were used for a resting-level comparison. 

To collect a blood sample, the animal was rapidly 
anesthetized in a glass jar containing ethyl-ether-soaked cot- 
ton. Approximately 0.8 ml of blood was then taken directly 
from the heart, using a heparinized syringe and injection 
needle (25 gauge x1.6 cm). Blood samples were collected 
within about 3 min of the time the animal was taken from the 
cage. Thus, based on available evidence from laboratory ro- 
dents [6,7], the samples were collected before the distur- 
bance of the blood-sampling procedure itself could have 
produced any appreciable increase in circulating cortisol 
levels. Young squirrel monkeys regain consciousness, ex- 
hibit coordinated behavior and can be returned to their 
mothers within minutes of this procedure. 

Blood samples were centrifuged to separate plasma which 
was then frozen until assayed. Plasma aliquots were assayed 
in triplicate using a radioimmunoassay kit from New Eng- 
land Nuclear (*H). The column chromatography step was 
omitted because pilot data indicated that it was unnecessary. 


RESULTS 
Multiple Separations 


For analysis of vocalization scores during multiple sep- 
arations, a parametric analysis of variance (ANOVA) was 
not employed because, in a number of cells, 3 or 4 of the 5 
individual scores were zeros. Instead, Friedman non- 
parametric ANOVAS by ranks were used to compare the 
number of vocalizations emitted during the preseparation, 
separation and reunion periods for each observed separa- 
tion. A significant difference among observation periods was 
observed for the first (x,?=7.90, p<0.05) but not subsequent 
separations. During the first separation, each monkey vo- 
calized much more frequently during the separation period 
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FIG. 1. Mean number of vocalizations (per 15 min) emitted by in- 
fants in the preseparation, separation and reunion periods of every 
13th separation of the multiple separation series. Also shown is in- 
fant age at the time of each indicated separation. 
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FIG. 3. Mean number of vocalizations (per 15 min) emitted by the 
previously separated and the previously nonseparated monkeys | 
and 24 hr following removal of the mother at 35 weeks of age. Verti- 
cal bars indicate the standard errors of the means. 


than any monkey did during either of the other two periods 
(lowest separation score=207; highest preseparation and re- 
union scores=19 and 33, respectively; see Fig. 1). 

For plasma cortisol, a 1-way repeated-measures ANOVA 
showed that there was a significant change in cortisol con- 
centrations across the separation series, F(3,12)=14.03, 
p<0.01, Fig. 2. Newman-Keuls post-hoc comparisons re- 
vealed that cortisol levels were significantly higher during 
the second separation then they were during Separations 28, 
54 or 80 (ps<0.01). There was no difference among the val- 
ues obtained during these latter three separations. Resting 
cortisol levels from Weeks 11 and 32 did not differ (*<1). The 
mean of the resting cortisol levels observed at these two 
times was then compared to the mean level observed during 
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FIG. 2. The line graph illustrates the mean plasma cortisol concen- 
trations of infants 2 hr following removal of the mother during Sep- 
arations 2, 28, 54 and 80. The bars depict the infants’ mean resting 
cortisol levels. The vertical lines indicate the standard errors of the 
means. Also shown is infant age at the time of each blood sample 
collection. 
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FIG. 4. Mean plasma cortisol concentrations of the previously sepa- 
rated and the previously nonseparated monkeys 2 and 24 hr follow- 
ing removal of the mother at 35 weeks of age. Mean resting cortisol 
levels (0 hr) at 32 weeks are also shown. Vertical bars indicate the 
standard errors of the means. 


Separations 28, 54 and 80. This analysis showed that cortisol 
levels during these separations were significantly elevated 
over resting levels, (4)=3.08, p<0.05. 


Final Separation 


The mean numbers of vocalizations emitted by S and N 
monkeys following the permanent removal of the mother at 
Week 35 are shown in Fig. 3. Parametric analyses were not 
used for these data because most scores in three of the four 
cells were zeros. A Mann-Whitney U test showed that N 
infants vocalized more than S infants at the 1-hr time point, 
U=0, p<0.01. At 24 hr, only one of the 11 subjects emitted 
any vocalizations whatsoever. 

Figure 4 illustrates the plasma cortisol levels of S and N 
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FIG. 5. The number of times that infants of both groups were ob- 
served riding on the mother in either the dorsal-ventral or ventral- 
ventral position during undisturbed observations from Week 8-31. 
The data were grouped into 4-week blocks prior to analysis, and are 
expressed here as a percentage of the total number of instances (120) 
the animals were observed in each block (every 30 sec for 15 min 
each week). The 8-11 week observations were made prior to the 
separation group’s first separation. 


monkeys 2 and 24 hr following the final separation, as well as 
their resting levels (0 hr) obtained at Week 32. Because of 
heterogeneous variances, the data were subjected to a log 
transformation, and were then analyzed with a 2 (Rearing 
Groups) x 3 (Timepoints) ANOVA. A significant main effect 


for Timepoint was obtained; F(2,18)=14.45, p<0.01, indicat- 
ing that separation evoked an increase in plasma cortisol 
levels. There was no difference between Rearing Groups in 
resting and/or separation-induced cortisol levels, as indi- 
cated by nonsignificant Rearing Groups and Rearing Groups 
x Timepoints effects. 


Independence 


The undisturbed observations made during morning hours 
were grouped into 4-week blocks. The first block (Weeks 
8-11) was comprised of observations occurring before the 
initial separation of S infants, and was therefore analyzed 
separately. No difference was found in the number of times 
the S and N subjects were observed riding on the mother 
during this first block (t<1). Following the initial separation, 
differences between the groups emerged. A 2 (Rearing 
Groups) <x 5 (Blocks) ANOVA, with Blocks treated as a 
repeated measure, yielded significant main effects for Rear- 
ing Groups, F(1,9)=6.43, p<0.05, and for Blocks, 
F(4,36)=12.18, p<0.01. As illustrated in Fig. 5, S monkeys 
were observed on their mothers more frequently than were 
their N counterparts. Although the Rearing Groups x Blocks 
interaction was not significant, the difference between the S 
and N groups was most apparent during the earlier blocks. 
The effect of Blocks reflects the development of infant inde- 
pendence, i.e., the decline with age in the amount of time 
spent on the mother. Although S monkeys were observed on 
the mother more than N monkeys were in general, animals of 
both groups achieved independence at about the same time, 
spending relatively little time on the mother from Week 
20-23 onward. 
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DISCUSSION 


Infants responded to the first separation of the multiple 
separation series with a nearly continual emission of high- 
pitched vocalizations. However, there was a precipitous de- 
cline in vocalizations with repeated separations, so that by 
the second observation session (Separation 14), there was no 
longer any increase in vocalizing observed during the sep- 
aration period. At Week 35, the previously nonseparated 
monkeys vocalized significantly more 1 hr following separa- 
tion than did the previously separated animals. This indi- 
cates that the reduction in vocalizations across separations 
in S monkeys was at least partially due to habituation. Fur- 
thermore, the much higher rate of vocalizing observed in S 
monkeys during their first separation at Week 12 as com- 
pared to N monkeys during their first separation at Week 35 
indicates that there was an age-related decline in responsive- 
ness to separation. This could also have contributed to the 
reduction in vocalizations observed between Separations 1 
and 14 in the S monkeys. These results corroborate earlier 
findings by Coe et al. [3,5], which together indicate that 
vocal reactions typically disipate rapidly during repeated, 
brief maternal separations in the squirrel monkey. 

During Separation 2, infant cortisol concentrations 
showed a 4.5-fold increase over resting levels. By Separation 
28, there was a significant decline in the cortisol response. 
However, from the 28th to the 80th separation, the mag- 
nitude of the cortisol response remained unchanged; separa- 
tion continued to elicit significant corticoid elevations during 
this period. At 35 weeks of age, there was no effect of earlier 
separation history on pituitary-adrenal responsiveness. That 
is, the S monkeys, which had been separated on 80 previous 
occasions, and the N monkeys, which had not undergone the 
multiple separation regimen, exhibited equivalent plasma 
cortisol concentrations following the final separation. This 
indicates that the waning of the cortisol response might be 
totally accounted for by an age-related reduction in respon- 
siveness to the separation procedure. Still, the possibility of 
some effect of habituation cannot be ruled out. That is, the 
decline in the cortisol response may have occurred at an 
earlier age than it would have if the monkeys had been sepa- 
rated less frequently. Further, without examining the entire 
time course of the cortisol response across repeated separa- 
tions, it is impossible to ensure that there was no change in 
response dynamics (e.g., rate of return to resting level). It 
should also be pointed out that the stimulus for pituitary- 
adrenal activation in this experiment was almost certainly 
the absence of the mother, rather than the disturbance in- 
volved in capturing the animals, because earlier studies have 
found such disturbance to have minimal or no effect on cor- 
tisol levels [9, 16, 19]. 

During observations made under undisturbed conditions, 
S monkeys were on the mother more often than were N 
monkeys once the multiple separation series had begun, but 
not prior to the initiation of this procedure. This finding 
could have been the result of either: (a) a separation-induced 
increase in infant dependency during the ages at which sep- 
arations were being imposed, (b) compensatory clinging re- 
sulting from the recent removal of the clingable object 
(mother), or (c) some degree of exhaustion as a result of 
increased exertion (e.g., vocalizing) during separation the 
previous afternoon (particularly during the earlier separa- 
tions). It is not possible to decide among these alternative 
explanations from the data. Of greater concern here, mon- 
keys of both groups showed a clear decline with age in time 
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spent on the mother. By 20-23 weeks of age, S as well as N 
monkeys were observed on the mother during less than 20% 
of the observations. The timing of this decline agrees with 
earlier observations of Saimiri maintained in social groups 
[22,23], and suggests that the S and N animals of this study 
developed physical independence from the mother at about 
the normal rate for laboratory-reared Saimiri. 

In the current study, there was a striking persistence of 
the cortisol response. Although there was an initial, partial 
decline in the magnitude of this response during the early 
separations, what is more notable is the lack of a further 
reduction. Infants continued to respond to separation with 
increased plasma cortisol levels even when they had been 
separated 80 times previously, when the vocalization re- 
sponse had long ago waned, and when the monkeys were 
nearly 9 months of age and appeared to be quite independent 
as indicated by the measure of time spent on the mother. 
(The infants were surely nutritionally independent by this 
time; infant Saimiri are typically weaned by about 6 months 
in the laboratory.) Moreover, since the infants were.always 
separated in the familiar home cage, repeated exposure to 
novelty could not have contributed to the persistence of the 
cortisol response. Clearly, removal of the mother is not only 
a potent stimulus for pituitary-adrenal activation, but also 
one that can be extremely resistant to habituation. 

In general, there is still much debate concerning the 
course of pituitary-adrenal responsiveness during repeated 
presentations of a stimulus (stressor). In rodents, habitua- 
tion, no change, and sensitization of adrenocorticoid re- 
sponses have all been found in similar testing paradigms 
[10,21]. At present, the conditions that determine how cor- 
ticoid responses will change during subsequent presentations 
of a stressor have not been fully resolved. One factor that 
surely plays a part is the number of stimulus 
presentations—presumably the corticoid response to most 
effective stimuli will eventually habituate if the stimulus is 
presented often enough. Yet most studies employ relatively 
few stimulus presentations. The results reported here show 
that the cortisol response of the squirrel monkey to the non- 
nociceptive stressor of brief maternal separation need not 
habituate completely even after 80 presentations. Indeed, 
there may have been no habituation at all, though it is not 
possible to unequivocally determine this from the present 
results. 

The persistence of the cortisol response in this experi- 
ment also suggests the possibility of conditioning. That is, 
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the removal of the mother may have served as an uncon- 
ditioned stimulus that was repeatedly paired with certain 
other events, such as opening of the cage door and initial 
capture of the mother-infant pair. These latter events might 
have then become conditioned stimuli which could have 
elicited the cortisol response in the absence of actual mater- 
nal separation. This sort of neuroendocrine conditioning has 
not been studied in the context of mother-infant separation, 
but it is known that pituitary-adrenal responsiveness can be 
readily conditioned to environmental stimuli in other situa- 
tions [1,17]. 

The age at which removal of the mother, even initial re- 
moval, would no longer evoke increased pituitary-adrenal 
activity remains an open question. Bernstein and Dobrofsky 
[2] found that juvenile/adolescent pigtailed macaques (2-5 
years old) still displayed behavioral signs of distress when 
the mother was removed from the social group. It would be 
interesting to determine if squirrel monkeys that were sev- 
eral years old would show a neuroendocrine reaction to the 
removal of their mother. 

A number of investigators have studied the effects of 
multiple separations on the behavior of the rhesus macaque 
[18, 20, 24, 25, 26]. As has been discussed previously [3,13], 
differences both in focus and procedures (particularly the 
emphasis on prolonged vs. brief separations) make it difficult 
to draw direct comparisons between the rhesus studies and 
experiments such as the present one, of brief separation in 
the squirrel monkey. However, it should be noted that de- 
clines in vocalizations during the course of repeated mater- 
nal separations have been observed in rhesus infants in the 
study that most closely resembles the present one [26]. One 
implication the present results would have for future investi- 
gations of multiple separation in any primate species is the 
caution that, during repeated separations, an infant may ap- 
pear calm behaviorally but still be displaying a significant 
neuroendocrine ‘‘stress response’’. What consequences 
such continual neuroendocrine activation might have for the 
young primate at some later time remains to be determined. 
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SELTZER, A. M., A. O. DONOSO AND E. PODESTA. Restraint stress stimulation of prolactin and ACTH secretion: 
Role of brain histamine. PHYSIOL BEHAV 36(2) 251-255, 1986.—The possible role of brain histamine in the release of 
prolactin, ACTH and corticosterone following acute restraint, was pharmacologically evaluated in adult male rats. Fifteen 
min of restraint caused marked increases in the plasma levels of these hormones. a-Fluoromethy] histidine (FH), a histidine 
decarboxylase inhibitor which depleted hypothalamic histamine, inhibited the enhancement of plasma prolactin levels. In 
contrast, plasma ACTH levels were not modified. FH treatment decreased plasma corticosterone concentrations in animals 
submitted to stress or in rest; this suggests a direct action of FH on the adrenal. Intraventricular (IVT) injection of 
ranitidine (H, antagonist) blunted the prolactin response to restraint stress whereas its systemic administration had no 
effect. On the contrary, pyrilamine (H, antagonist) given systemically decreased slightly, but significantly, the prolactin 
rise but when injected IVT it was ineffective. Pyrilamine was also unable to affect the ranitidine action. ACTH and 
corticosterone levels in plasma of restrained rats were not modified by the histamine antagonists. It is concluded that 
histamine is involved, mainly through central H, receptors, in the enhancement of plasma prolactin levels produced by an 
acute stress. The failure of both antihistaminic compounds and a histamine depletor to alter the ACTH stimulation suggest 


that histamine has no participation in the hypophysio-corticoadrenal response to acute restraint. 


Histamine Prolactin Corticosterone Stress 


Antihistamines 





BRAIN monoaminergic systems may be involved in the 
acute release of prolactin and ACTH elicited by stress 
[18,36]. Several authors have found that impairment of brain 
noradrenaline function blunts the prolactin discharge in- 
duced by stress and have suggested that noradrenaline plays 
a stimulatory role [12]. Serotonin is thought to act positively 
as does noradrenaline [6, 18, 19]. On the contrary, dopamine 
constitutes a major inhibitory influence on prolactin release 
[23]. 

Pharmacological data indicate that noradrenaline has in- 
hibitcry effects on ACTH release and suggest a noradrener- 
gic modulation of the hypothalamic-pituitary corticoadrenal 
system [34]. Serotonin, which does not enhance the ACTH 
responses to stress, appears to be mainly involved in the 
control of the circadian periodicity of ACTH secretion [13]. 

Histamine, a putative neurotransmitter [30], has been 
rarely considered as mediator of the prolactin and ACTH 
responses to stress. Many findings, however, indicate that 
histamine is able, under both resting and stressful situations, 
to stimulate the discharge of prolactin, ACTH and cortico- 
sterone [4, 8, 9, 11, 28, 32]. Antagonism of histamine recep- 
tors was reported to decrease, or not alter, the high plasma 
prolactin levels of rats submitted to ether stress [7,20]. Fur- 
thermore, local injection of antihistamines in the rostral 
hypothalamus or into the 3rd ventricle was found to suppress 
the enhanced prolactin release in stressed rats [1]. 





The adrenocortical stimulation produced by stress, was 
found not modified by classical H, antihistamines [16]. As 
reported more recently, these compounds prevent the 
potentiation of serum corticosterone rise produced by his- 
tamine in stressed rats [4]. 

Because these results are not conclusive in supporting 
some role of histamine in the stress response, the present 
experiments attempted a more complete evaluation using 
drugs that selectively deplete or antagonize brain histamine. 
Their respective effects on plasma prolactin, ACTH and 
corticosterone release following acute restraint were exam- 
ined. A preliminary report of these results has been pub- 
lished elsewhere [31]. 


METHOD 


Adult male rats (250-300 g) from a Holtzman-derived col- 
ony bred in our laboratory were used. They were maintained 
in standard laboratory cages in a room with controlled light- 
ing (lights on 06.00—-20.00 hr) and temperature (22+ 1°C). 

At least 2 days before the experiments, the animals were 
caged either singly (if bearing 3rd ventricle cannulae) [10] or 
in pairs. They were isolated in a room where noise and other 
disturbances were kept to a minimum. Experiments were 
done between 10.00 and 12.00 a.m. to avoid circadian hor- 
mone variations. 


‘Requests for reprints should be addressed to A. M. Seltzer, LINCE, Casilla de Correo 425, 5500 Mendoza, Argentina. 
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Stress-Session Procedure 


The immobilization wire cages (15 cm length, 8 cm height 
and 7 cm width) had a movable lid; when it was locked, the 
rats placed in supine position could hardly turn around them- 
selves. They remained in that uncomfortable position during 
15 min and thereafter were decapitated. 


Experiments with a Histamine Depletor 


An inhibitor of histamine synthesis. a-fluoromethy] his- 
tidine (FH) [17], was used. Four hr after IP injection of this 
drug some of the animals in each experiment were sacrificed 
by rapid decapitation (non-stressed group), the others were 
individually immobilized in small wire cages (restraint 
stress). Animals receiving saline IP were simultaneously run 
as controls. 

Trunk blood was collected in heparinized tubes and 
promptly centrifuged at 4°C and 3000 rpm. Plasma was sepa- 
rated and stored at —30°C until assayed. 

To determine the effect of FH on histamine content, a 
separate group of normal animals was killed 4 hr after FH or 
saline injection, and the hypothalamic tissue was removed 
from the frontal border of the optic chiasma to the mammil- 
lary bodies. Histamine was radioenzymatically assayed ac- 
cording to Da Prada and Launay (personal instructions). 
Briefly, the assay consisted of the incubation of a tissue 
extract with *H-SAM (S-adenosylmethionine 15 Ci/mmol, 
NEN) and histamine N-methyltransferase partially purified 
from lamb brain. *H-tele-methylhistamine was extracted 
with diethylether and determined by liquid scintillation 
counting. The assay sensitivity was about 50 pg of histamine. 


Experiments with Histamine Antagonists 


The effects of selective histamine antagonists on the re- 
sponse to restraint stress, were studied. Pyrilamine, anti H, 
[2], and ranitidine, anti H, [3], were administered either IP or 
intracerebroventricularly (IVT). Pyrilamine IP injection was 
administered 30 min before placing the animal in the restraint 
cage. Ranitidine injections (both IP and IVT) and the IVT 
injection of pyrilamine were made 10 min before starting 
restraint. In one experiment, IVT injections of pyrilamine 
and ranitidine were combined. In all the experiments, rats 
receiving saline IP or IVT were used as controls. 

Rats were decapitated after 15 min of restraint. Trunk 
blood was collected and processed as described above. 
Prolactin, ACTH and corticosterone were determined in the 
plasma samples. 


Drugs 


The compounds used were: pyrilamine maleate (Sigma, 
St. Louis), 2 and 4 mg/kg IP and 80 yg IVT; ranitidine 
(Glaxo, Ware), 60 and 120 wg IVT and 30, 60 and 90 mg/kg 
IP, and a-fluoromethy] histidine hydrochloride hemihydrate 
(Merck Sharp & Dohme, Rahway, NJ), 20 mg/kg, IP. The 
drugs were dissolved in physiological saline solution (0.9% 
NaCl). *H-corticosterone (NET-182; 49.7 Ci/mMol) was pur- 
chased from New England Nuclear (Boston, MA). The doses 
of antihistamines were selected according to previously re- 
ported data [11]. 


Hormone Assays 


Plasma samples of control and drug-treated animals from 
the same experiment were simultaneously run to avoid in- 
terassay variation. 
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FIG. 1. Effects of a-fluoromethylhistidine (FH; 20 mg/kg), a his- 
tamine depletor, on plasma ACTH, corticosterone and prolactin 
(PRL) levels of stressed (S) and non-stressed (NS) male rats 
(mean+SEM) FH was injected ip 4 hours before sacrifice of the 
animals. Black columns correspond to saline injected rats (SAL), 
open columns correspond to FH-treated rats. At top of the columns, 
number of animals per group. *p<0.05; **p<0.01 vs. SAL (paired 
t-test). 


Prolactin was determined by the double antibody rat radio- 
immunoassay using reagents provided by the NIAMDDK, 
NIH, USA, and according to instructions of Dr. A. F. Parlow. 
The correlation coefficient (r?) of the standard curves was 
better than 0.90. Intraassay variation was 11.3%. Values are 
expressed in ng/ml of plasma in terms of the RP-1 reference 
preparation. 

ACTH was measured by an in vitro bioassay. Decapsu- 
lated adrenals were digested following published procedures 
[27,33]. Incubation (37°C) was done in triplicate in plastic 
tubes under O./CO, (19:1) with shaking (100 cycles/min) for 90 
min. 

Each tube contained 1 ml of a suspension of about 10° 
adrenal cells (150 wg protein) in Krebs-Ringer bicarbonate 
solution pH 7.4, containing 0.01 M glucose and 0.5% (W/V) 
albumin and 0.1 ml of 3-isobutyl-1-methylxanthine 10-* M. 
Corticotropin (Synacthen® Ciba; 1 fmol corresponds to 0.3 
“IU of corticotropin) was used as standard. Plasma aliquots 
from 5 to 25 ul were used. The incubation was stopped by 
cooling the tubes in ice/water and the cells were sedimented 
at 500xg for 20 min. Samples of the supernatant were as- 
sayed for corticosterone. 

Plasma corticosterone (Cpd B) was measured by competi- 
tive protein binding radioassay [25]. Corticosterone (Sigma Co, 
St. Louis) was used as standard, and corticosterone- 
binding-globulin was of human origin. 


Statistics 


Statistical evaluation of differences between means were 
made by the Duncan’s test when multiple comparisons were 


needed. Two-groups comparisons were made by Student’s 
“ft”? test. 


RESULTS 


Fifteen min of restraint caused, as expected, behavioral 
alterations characteristic of stress such as the increase in the 
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FIG. 2. Antihistamine action on plasma ACTH, corticosterone and 
prolactin (PRL) levels of stressed rats (mean+SEM). Black columns 
correspond to controls (SAL: saline); open columns to 
antihistamine-treated rats. RAN: IVT ranitidine (60 and 120 pg); 
PYR: IP pyrilamine (2 and 4 mg/kg). At bottom of the columns doses 
of antihistamines. At top of the columns, number of animals per 


group. **p<0.01 vs. SAL (ANOVAR and Duncan’s test). Levels of 
significance between columns pointed by arrows is **p<0.01. 






































number of fecal boli; after removal from the cage the rats did 
not tend to escape (freezing). Restraint also induced large 
increases in plasma prolactin, ACTH and corticosterone 
levels. As shown in Fig. 1, highly significant differences be- 


tween non-stressed and stressed-saline-injected rats were 
found (p<0.01). 


Effects of Histamine Depletion 


Injection of FH 4 hours before sacrifice led to a marked 
decrease of hypothalamic histamine content. Histamine val- 
ues of FH-treated rats were 20 percent of controls (saline- 
injected: 482.3+61 ng/g wet weight; FH-injected: 96.8+36.6 
ng/g; p<0.001). 

Figure 1 shows that FH produced a pronounced inhibition 
of the increased prolactin release in rats submitted to re- 
straint. The mean plasma prolactin levels of these animals 
was significantly lower (p<0.01) than saline-injected con- 
trols. Corticosterone in plasma decreased slightly (p<0.05) 
although, in contrast, plasma ACTH levels were not mod- 
ified. 

FH when given in non-stressed rats had no effect on 
plasma prolactin and ACTH levels but plasma corticosterone 
decreased significantly (p><0.01)(Fig. 1). 


Effects of Histamine Antagonists on Hormone Release 
Induced by Restraint 


Figures 2 and 3 illustrate the effects of histamine 
antagonists. Intraventricular injection of ranitidine in doses 
of 120 wg prevented the stress-induced prolactin release. 
Plasma prolactin levels were lower than in the control group 
(p<0.01). In doses of 60 ug, ranitidine given IVT was also 
effective but the blockade of the stress response was not 
complete (p<0.01 vs. saline; p<0.01 vs. ranitidine 120 yg) 
(Fig. 2). 

Systemic administration of the H, antagonist pyrilamine 


TABLE 1 


EFFECTS OF SYSTEMIC INJECTION (IP) OF RANITIDINE 
ON PLASMA PROLACTIN CONCENTRATIONS OF MALE 
STRESSED RATS 





Plasma 


Treatment Prolactin ng/ml 


Dose:mg/kg 





Saline _— 
Ranitidine 30 
Ranitidine 

Ranitidine 90 


292.2 
333.3 
243.3 
306.7 


31.7 
89.7 
54.6 
53.9 


I+ 1+ + I+ 





Values are means + SEM. 


CpdB PRL 
ugiiOmi =o ng/ mi 
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FIG. 3. Effects of pyrilamine on plasma ACTH, corticosterone and 
prolactin (PRL) levels of stressed rats (mean+SEM). In A, IP injec- 
tions (2 and 4 mg/kg); in B, IVT injections (80 ug). Doses are indi- 
cated at bottom of the columns. Black columns correspond to con- 
trols (S: saline), open columns to PYR-injected rats. At top of the 
columns, number of animals per group. **p<0.01; *p<0.05 vs. S 
(ANOVAR and Duncan’s test). 


(2 and 4 mg/kg) decreased significantly the post-stress rises 
of plasma prolactin levels (o><0.01) (Fig. 3 A). In contrast, 
when injected IVT (80 yg), pyrilamine was ineffective (Fig. 3 
B). The combined administration of ranitidine IVT and 
pyrilamine systemically, either at low or high doses, did not 
have any additional effect on the blockade caused by 
ranitidine alone (Fig. 2). 


DISCUSSION 


In agreement with other authors [7,28] a marked increase 
of prolactin, ACTH and corticosterone in the plasma of rats 
after a short restraint period was found. The mean plasma 
hormone levels were higher than those reported by others 
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after mild acute immobilization [15]. The difference can be 
due to the severe procedure applied in the present work, 
which combined a lack of motor activity with an emotional 
stress, and produced a maximal hormone discharge. The in- 
tensity of prolactin and corticosterone response in the 
saline-injected animals seems to depend upon the route of 
administration (see Figs. 2 and 3). We assumed that animals 
bearing a 3rd ventricle cannulae are not fully comparable to 
unoperated rats; therefore, statistical comparisons were al- 
ways made among groups similarly treated. 

Results reported previously suggest that histamine may 
participate in the mechanisms evoking prolactin release dur- 
ing stress [1,20]. The current results provide further evi- 
dence supporting this concept. Both the depletion of the hy- 
pothalamic stores of histamine and the blockade of histamine 
action by specific antagonists were associated with blunted 
prolactin responses to restraint stress. Histamine depletion 
was accomplished by FH, a potent and irreversible inhibitor 
of histidine decarboxylase. This compound has been previ- 
ously shown to deplete the brain stores of histamine. In the 
hypothalamus of non-stressed mice a dose of 20 mg/kg FH 
was the most effective in lowering histidine decarboxylase 
activity and a maximal decrease occurred after 2 hr. 
Enzymatic activity began to be restored only by 8 hours after 
the injection [14]. FH action is still evident in animals genet- 
ically devoid of mast cells, suggesting that it is exerted on the 
neuronal pool of histamine [21]. We have shown here that 
this compound decreases hypothalamic levels of the amine 
to 20% of controls and that this depletion is associated with a 
significant inhibition of the prolactin response to restraint 
stress. It is reasonable to think that the remaining histamine 
is located in the mast cells, and this may not be associated 
with neuroendocrinological functions. Our results indicate 
that the inhibition of prolactin response by FH was not 
complete, since plasma levels were still high. FH actions 
were always explored in normal rats. One is tempted to 
speculate that due to the alteration of the histamine turnover 
produced by restraint [35] FH would be less effective in 
stressed than in normal rats to cause histamine depletion. 
This point requires further evaluation. Moreover, partial ef- 
fect of FH may indicate that this seems to be a complex 
mechanism in which several neurotransmitters are involved. 

In connection with this, a great number of studies indicate 
that in stress-induced prolactin release participate 
serotonergic and catecholaminergic pathways which might 
exert inhibitory effects on tuberoinfundibular dopaminergic 
neurones [19, 24, 36]. Impairment of hypothalamic serotonin 
and norepinephrine activity or blockade of adrenergic recep- 
tors are known to inhibit the prolactin response to stress [24]. 

Present observations indicate that histamine depletion 
does not affect the pituitary-adrenal system activation. The 
ACTH response to stress was the same as in controls. How- 
ever, FH significantly decreased plasma corticosterone con- 
centrations, both in stressed and non-stressed rats. This ef- 
fect should be possibly explained by a direct action at the 
adrenal level, decreasing steroid secretion. 

The stimulatory action of histamine and its agonists on 
tonic prolactin release is mediated mainly through H, recep- 
tors [11]. In the present paper, ranitidine, a recently devel- 
oped and selective H, antagonist [3], significantly inhibited 
the prolactin response to restraint stress. Similarly, 
metiamide, another H,-blocker, was reported to inhibit the 
prolactin response to ether [1]. It has been mentioned that 
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imidazol-derived drugs (burimamide, metiamide and 
cimetidine) interact with the noradrenergic system in rat 
brain [26]. This would be a possible explanation of the 
ranitidine effect, though this is a nonimidazol-derived drug, 
and it may behave differently than those before developed 
H,-receptor blocking drugs. 

The ability of ranitidine to prevent the prolactin rise was 
only associated with the IVT route of injection, a fact which 
supports the suggestion that this compound does not cross 
the blood-brain barrier [3]. It also supports the idea that 
anatomical sites near to the 3rd ventricle should be the 
targets for histamine action in the control of the prolactin 
release evoked by the restraint stress. The ineffectiveness of 
systemic ranitidine is not likely due to dilution or metabolism 
in the periphery since large doses were administered. 

The role of H,-receptors in controlling the secretion of 
prolactin in stressful situations is less conclusively substan- 
tiated. Systemic administration of pyrilamine caused a slight 
but significant inhibition of prolactin secretion (Fig. 3). 
Nevertheless, its IVT administration was ineffective and it 
was unable to modify the ranitidine effects on prolactin re- 
lease. Other investigators have informed previously about an 
involvement of H, receptors in the prolactin response to 
stress [1,20] but the well known anticholinergic and sedative 
effects of H, antagonists [30] make these results difficult to 
interpret. 

No evidence of an histaminergic control of ACTH secre- 
tion was obtained in the present experiments. In a previous 
study, histamine and its agonists were able to further in- 
crease corticosterone levels after a mild immobilization 
stress [4]. The enhancement of this response to histamine 
was blocked by both H, and H, antagonists. However, since 
the plasma corticosterone levels in those experiments re- 
mained high after treatment, the possibility of side effects 
evoked by the high doses of histamine and agonists cannot 
be excluded. 

In conclusion, results of this work suggest that release of 
prolactin and ACTH operates through pathways differently 
related to the brain histaminergic system. Based on results 
from comparative studies with drugs, the control of prolactin 
secretion appears to be more linked to an histaminergic 
component that the pituitary-adrenal system. However, the 
fact that histamine can activate the pituitary-adrenal axis in 
resting conditions [5, 22, 29, 32] leads one to assume that 
histamine could act as mediator in some mechanisms con- 
trolling ACTH release. 

Our present negative results may suggest that activation 
of ACTH system involves synaptic pathways subserved 
mainly by other neurotransmitters. Another possibility is 
that histamine receptors linked to ACTH secretion during 
stress are heterogeneous and they remained unaffected by 
the compounds used in this study. 
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HARRIMAN, A. E. AND R. H. BERGER. Olfactory acuity in the common raven (Corvus corax). PHYSIOL BEHAV 36(2) 
257-262, 1986.—The efficacy with which ravens can locate concealed carrion and similar foods has been noted from 
antiquity. This ability has been claimed in folklore to indicate an acute sense of smell. Contemporary opinion among 
ornithologists is that the sense of smell is weak at best in passerines, and particularly so in corvids which lack developed 
olfactory apparatus. Four studies were performed to test whether ravens could find hidden food (fresh ground fish) under 
conditions where scent was presumed to be the sole cue. The subjects, captive juvenile ravens (five males and three 
females) capably chose which one in a pair of containers held food buried under 2.0 cm of No. 4 gravel, discovered food 
concealed under as much as 2.5 cm of gravel, and located as little as 1.0 g of food covered by 1.5 cm of gravel. The several 


findings are consistent with the possibility that ravens can use olfactory cues to find food. 
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CARRION offal, and refuse are said to comprise the princi- 
pal food of common ravens (Corvus corax) throughout their 
widespread distribution in both hemispheres [8, 10, 12, 20]. 
The ease with which ravens can locate such matter, even in 
the seeming absence of sensory cues, has been the subject of 
conjecture [13]. A contemporary account of this ability [23] 
reflects an ancient belief [2, 17, 19] that flights of ravens 
toward sites where carrion may be found bespeaks their pos- 
session of occult powers. A more rational possibility is that 
ravens can use scent to locate carrion or similar food. The 
evidence for this supposition, however, rests mainly in 
anecdotes [13,22] which have proved unconvincing [1]. Set 
against claims for olfactory sensibility in ravens are mor- 
phological findings [4, 24, 25] that, like the physiological and 
behavioral evidence [28], indicate the sense of smell is 
weakly developed in ravens. Results from these investiga- 
tions are consistent with inferences that olfaction is unimpor- 
tant in passerine birds [6, 7, 9] and that ravens, in particular, 
do not use odor cues in finding food [3, 14, 18]. Nonetheless, 
the small size of the olfactory apparatus in corvid birds, 
relative to that in other avian families [4, 24, 25] does not of 
itself argue for a poor olfactory sense. Also, the nonsignific- 
ant physiological and behavioral results from olfactory tests 
with the raven [28] may be attributable to use of inappropri- 
ate stimuli [15]. In the present work, tests were conducted to 
explore further the possibility that ravens can find concealed 
food through its odor. A stricture may be placed on any 
assumption that, should ravens prove able to locate hidden 
food, the success is due to olfaction. Possibly, another 
chemoreceptive pathway, such as the naso-trigeminal route 
may be more directly implicated. Nonetheless, avian olfac- 
tory receptors are more sensitive than are trigeminal ones in 
odor detection [29]. The problem remains unresolved be- 


cause bilateral resection of the olfactory nerves profoundly 
disturbs avian behavior [29]. 


EXPERIMENT | 


This experiment was intended to resemble in its design 
the format of inconclusive field tests [6,27] which explored 
contemporary claims in 19th century folklore that various 
scavenger birds could locate carrion on the basis of scent. 
The ravens used in this experiment were tested collectively 
for the readiness with which they located an odiferous food 
under arrangements where the food was either visible or 
concealed. On control trials, the food was withdrawn. 


METHOD 
Subjects 


A permit for the capture and temporary use of the ravens 
used in the investigation was obtained from the Department 
of the Interior, Fish and Wildlife Service. The ravens were 
five males and three females that were removed from six 
different nests in various sections of the Hopi Reservation. 
At the time of capture, the birds were known to be, or were 
estimated to be, about 35 days of age. At a later time, each 
bird was distinctively marked with one or more colored pipe 
cleaners which were wrapped loosely around one leg. During 
the first five weeks of their captivity, the ravens were fed by 
hand and at 4-hr intervals from 0800 hr to 2000 hr. At this 
time, the food was canned ground fish (Carnation *‘Bright 
Eyes’’ cat food) and slices of white bread soaked in tap 
water. Thereafter, for as long as the ravens were in the av- 
iary, the birds were fed pellets of dog food (Gaines *“Cycle 
1’’) ad lib. Additionally, the ravens were allowed to satiate 
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on water at 0800 hr, 1300 hr, and 1800 hr daily. At the end of 
the study, the ravens, which had become strong fliers, were 
released to the wild. 


Aviary 


During Experiment 1, as well as in the three subsequent 
experiments, the eight ravens were housed in an outdoor, 
shaded aviary (6.1 6.13.6 m high) which was constructed 
of chicken wire attached to a frame of 2x4” boards. The roof 
and the windward side (to a height of 0.9 m) were covered 
with corrugated metal sheet. The floor of the aviary was 
covered with sand which was changed weekly. Refuges as 
well as perches (24" boards) were installed at several dif- 
ferent heights. Also, food containers and water jars, which 
were protected by hollow cinder blocks, were placed on the 
sand at opposite sides of the aviary. The ambient tempera- 
ture in the aviary ranged from between 29°C to 34°C during 
the day to between 9°C and 14°C at night. Typically, relative 
humidity in the aviary varied between 20% and 40%. 


Materials 


The food used in the study was ground fish of the same 
brand which had been hand-fed to the ravens previously. A 
fresh quantity (30 g) of the food was used on each of the 
experimental trials. The food was offered in an open field 
which was formed by filling a round, galvanized steel tub (0.8 
mxX0.4 high) level to the brim with No. 4 sieved, washed 
gravel. The largest pebbles in the gravel did not exceed 2.0 
cm in diameter. The tub was placed in a corner of the aviary 
so that the center of the gravel field was 5.7 m (on a diagonal) 
from the nearest perch. Disposable plastic gloves were worn 
whenever items required for the work were handled. Also, 


an inverted L-shaped screen (0.9x1.8 m high) was inter- 
posed between the gravel field and the perches while prep- 
arations were made for each of the trials. 


Procedure 


The group of ravens was tested twice in each of three 
daily sessions. The sessions were conducted at 0900 hr, 1400 
hr, and 1900 hr. During an initial 4-day period, the ravens 
were trained to find the food in the gravel field. For the first 
12 of these trials, a dab of fish was placed at different points 
on the surface of the gravel. On the next six trials, the fish 
was partially covered with gravel. On the last six training 
trials, the food was covered with gravel to the depth of 1.0 
cm. Following training, the ravens were tested for ability to 
locate the food. The three different types of trials (food visi- 
ble, food concealed, and food absent) were ordered through 
reference to a table of random numbers, with the restriction 
that each type of trial appeared 21 times in the experiment. 
On trials in which the food was concealed, it was buried to a 
depth of 2.0 cm in the gravel field. After every trial, without 
exception, the surface gravel, which had been disturbed and, 
usually, contaminated, was removed and replaced. 

In the procedure, use was made of an alarm reaction 
among the ravens. Just before Experiment | was started, the 
ravens began to fly to the highest perches as soon as either 
experimenter entered the aviary. None would leave its perch 
until the door to the aviary had been closed by the intruder 
on his departure. This alarm reaction did not diminish in 
force while the birds remained in captivity. With the ravens 
so positioned, the experimenters knelt behind the inverted 
L-shaped screen and, unobserved, arranged the materials for 
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TABLE 1 


NUMBER OF SECONDS ELAPSING UNTIL THE FIRST STRIKE ON 
TRIALS WITH FOOD VISIBLE, HIDDEN, OR ABSENT (MEAN AND 
STANDARD DEVIATION) 





Elapsed times 


Conditions 
(21 trials each) 





Incentive visible 
Incentive hidden 
Incentive absent 





each trial. Other precautions were taken against inadverently 
revealing the presence/nonpresence of the food and, when 
present, its location. Specifically, during other preparations 
for each trial, gravel was dug up and replaced in various 
parts of the field in an effort further to minimize differences 
between types of trials and to reduce the possibility that 
auditory cues could direct the ravens to the location of the 
food. Further, the experimenters attempted to disrupt what- 
ever cues might be provided by the orientation of the 
perched ravens toward the gravel field. Just before the start 
of every trial in the study, the experimenters walked about in 
the aviary for 30 sec. This activity effectively produced flight 
and other retreat by the ravens. Then, the screen was set to 
one side, and the experimenters left the avairy. Each trial 
was timed from the moment the door was closed from the 
outside until any one of the eight ravens struck with its bill, 
however tentatively, either the ground fish or the surface of 
the gravel field. An analysis of variance for a treatments-by- 
subjects design and Newman-Keuls’ multiple-range tests [5] 
were used to assess the results. 


RESULTS 


During the 24 training trials, the ravens began to drop 
promptly to the gravel field as soon as the door to the aviary 
was closed. Over the 63 trials that followed, a mean of 4.3 
ravens (range 2 to 8) were on, or within 1.0 m of, the gravel 
field at the moment of a first strike by a member of the group. 
Only two birds (females) were not among those making at 
least one first strike. The results from the 63 trials, which are 
summarized in Table 1, show the mean latency of the first 
strikes in each of the three types of trials. The data indicated 
a significant difference in first strike latencies among the 
three conditions, F(2,53)=11.20, p<0.01. Tests on simple 
effects showed that first strikes took place with significantly 
reduced latency when the food was visible than was the case 
under either of the other two test conditions (p<0.05). In 
turn, the mean strike latencies in the “‘food hidden’’ and 
‘food absent’’ conditions did not differ significantly 
(p>0.05). 


DISCUSSION 


The findings appear to support contentions that ravens 
pay more attention to visual than to olfactory cues while 
searching for food [3, 14, 18]. Yet, where visual cues are 
insufficient, ravens may shift to the use of scent to locate 
food. Lack of a significant difference between mean first 
strike latencies in the ‘‘food hidden’’ and ‘‘food absent’’ 
conditions does not work against this possibility. Not only 
was the incentive presented on all pretest trials, but it was 
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TABLE 2 


CHOICES (FIRST STRIKES) ON TRIALS IN WHICH A PAIR OF 
CONTAINERS EITHER HELD FOOD IN ONE MEMBER OR NO FOOD 
IN EITHER MEMBER 





Division of Choices Between Containers Among 30 Trials 
per Condition 


Food Present Food Absent 





Correct Incorrect Right Left 
28 2 14 16 





offered on two-thirds of the experimental trials which fol- 
lowed. In consequence, the ravens may have acquired 
‘*sets’’ to strike at the gravel on every trial, not just those in 
which food was available. Furthermore, several ravens gen- 
erally arrived promptly and simultaneously at the gravel field 
after the start of a trial, and latencies may have been de- 
creased through social facilitation of the strike response. 
Both latency and rate of pecking by birds for food are influ- 
enced by social factors [16]. In light of the uncontrolled ex- 
perimental and response variables, the possibility that ra- 
vens can use olfactory cues to locate food could not be re- 
jected. 


EXPERIMENT 2 


Experiment 2 was designed further to test the ability of 
ravens to find a concealed odiferous food. An effort was 
make to reduce the influence of the extraneous factors which 
were uncontrolled in Experiment 1. In this experiment, the 
group of eight ravens was given the task of selecting which 
one in a pair of containers held the incentive. 


METHOD 
Apparatus 


Two hollow cinder blocks (14.0 15.2 14.0 cm high, with 
walls 1.6 cm thick) were the containers. Both blocks were 
filled with No. 4 gravel and were placed side by side in the 
front of the aviary. The incentive that was used during the 
training and experimental trials was again a fresh quantity 
(30 g) of ground fish (*‘Bright Eyes’’). 


Procedure 


The ravens were tested collectively in the aviary in the 
same manner as was described for Experiment 1, though 
with a few necessary changes. Directly after completion of 
Experiment 1, the ravens were trained in nine trials (1.5 
days) to find the food on the gravel surface of one container 
or the other. Placements of the food were varied randomly 
between containers from trial to trial. Thereafter, the birds 
were tested over the course of 60 trials (10 consecutive 
days). On 30 experimental trials, the food, buried to a depth 
of 2.0 cm, was offered in one container or the other. On 30 
control trials, the food was not available in either container. 
For the experimental trials, the incentive was switched suc- 
cessively between containers in a sequence which followed 
the arrangement of a random order series [11]. A sham pro- 
cedure was followed in preparing the containers for the con- 
trol trials. The control trials were interpolated among the 
experimental trials in an order that was also determined by a 
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random order series. After every trial, the gravel in both 
containers was removed to a depth of about 10 cm and was 
replaced with clean gravel. Tests for proportions [5] were 
used to assess the results. 


RESULTS 


A container was considered to have been selected when a 
raven struck at the gravel in that container with its bill. Dur- 
ing the trials, seven of the eight birds made the first strike at 
least once. The exception was one of the two females which 
had not made a first strike in Experiment 1. Three of the 
ravens accounted about equally for 65% of the first strikes. 
Strikes were typically in the form of swift shallow-angle 
sweeps of the bill which traversed between 5.0 and 8.0 cm of 
gravel. Mean bill length along the curve of the exposed cul- 
men was 6.7 cm, range 6.4 to 7.0 cm. The first strike on a 
trial generally reached a depth of about 1.5 to 2.0 cm. Thus, 
the initial strike frequently sufficed to expose the incentive 
on the experimental trials. In consequence, only the first 
strike could not be readily explained as a response to visual 
cues. Table 2 shows that on the experimental trials the ra- 
vens struck more often at the container holding the con- 
cealed food than they did at the nonfood container. This 
difference was significant (z=4.74, p<0.01). In contrast, 
there was no significant preference (z=0.36, p>0.20) for 
either container over the other on control trials. The propor- 
tions of choice between the experimental trials and the con- 
trol trials differed significantly (z=4.57, p<0.01). 


DISCUSSION 


Results of the experiment permit inference that the birds 
were guided by olfactory cues in choosing (first strikes) be- 
tween containers. Every effort was made to eliminate extra- 
neous cues. It was, however, possible that the findings were 
confounded by unintentional signals from the experimenters. 
The ravens intently watched the experimenters’ every action 
while they were inside the aviary as well as nearby. Conse- 
quently, the results may have been affected by one or more 
unidentified or insufficiently controlled variables. Such vari- 
ables could have included auditory cues or revealing motions 
by the experimenters which informed the ravens that food 
was or was not available on a trial and, if available, where it 
was located. 


EXPERIMENT 3 


This experiment served two purposes. One intention was 
to assess further the possibility that the ravens had selected 
correctly in Experiment 2 on some basis other than olfaction. 
In this interest, the procedure was identical on all trials of the 
experiment except for the depth to which the incentive was 
buried under gravel. The second intention was to determine 
the greatest depth of concealment under which the ravens 
could consistently, if at all, locate and uncover the food. 


METHOD 
Apparatus 


The cinder block containers, type of gravel, and the food 
were the same as those used in Experiment 2. The ravens 
were again tested in the outdoor aviary. 


Procedure 


The schedule for testing the ravens was the same as that 





TABLE 3 


INCIDENCE OF SUCCESS IN LOCATING FOOD BURIED AT 
DIFFERENT DEPTHS UNDER GRAVEL (CENTIMETERS) 





Number of Successes in 
9 Sets of 12 Trials Each 


First Strikes 
Correct 


Depth (cm) 
Food Buried 


Incentive 
Uncovered 





0.0 (Surface) 12 12 
1.5 12 12 
2.5 12 11 
3.5 10 

4.5 8 

$.5 

6.5 

73 

8.5 





followed in Experiments 1 and 2. Directly after completion 
of Experiment 2, the ravens were entered into a series of 108 
successively administered trials (18 days) in which the food 
was variously concealed in one or the other of the two cinder 
block containers. Both containers were filled level to the 
brim with clean, loosely poured gravel before the start of 
every trial. In the experiment, the food was presented on the 
gravel surface for 12 trials or was concealed under gravel for 
12 trials at each of eight different depths, ranging from 1.5 cm 
to 8.5 cm. Ordering of concealment over trials was per- 
formed randomly. Also, food was switched between con- 
tainers, from trial to trial, in a random sequence. After the 
materials for each trial had been prepared, an experimenter 
walked around in the aviary for 1 min to disrupt the orienta- 
tion of the ravens toward the apparatus. Then, the screen 
hiding the apparatus was removed, and the experimenters 
left the aviary. All trials were ended after 1 min, whether or 
not the ravens had by then located the food. Three measures 
were recorded as follows: (1) Ravens alighting in 10 sec 
within 1 m of the containers when the incentive was placed 
on the surface of the gravel and when the incentive was 
buried under 8.5 cm of gravel; (2) choice of container (first 
strike by any raven in the group); and (3) success in seizing 
the food. The numbers of birds alighting at/near the contain- 
ers under the two conditions of food availability were 
analyzed by the McNemar test [21]. Each of the other meas- 
ures was treated by a test for the significance of a proportion 


[5]. 


RESULTS 


There was no significant difference between the mean 
number of ravens alighting at the containers when food lay 
visible on the surface and when the food was covered by 8.5 
cm of gravel (p>0.30). Further, one or more ravens directed 
bill strikes against the gravel in one container or the other, or 
in both, on all trials of the experiment. 

Table 3 shows that the first strikes to the baited container 
occurred without error if the food was hidden by 2.5 cm of 
gravel or less. The proportion of correct choices was also 
significant at the 3.5 cm depth (p<0.05). On trials in which 
the food lay more deeply buried, first strikes were often 
delayed, appeared more tentative, and were not significantly 
correct (p>0.10). Table 3 also shows that the ravens were, 
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TABLE 4 


NUMBER OF SECONDS NEEDED TO FIND DIFFERENT 
AMOUNTS OF FOOD COVERED WITH 1.5 cm OF GRAVEL 
(MEAN AND STANDARD DEVIATION) 





Seconds Needed in 18 Trials 
for Each of 4 Amounts 


SD 





5.4 
8.3 


9.7 





save for one trial, as successful at uncovering the food when 
it was hidden by 2.5 cm of gravel or less as they were in 
seizing a visible incentive. The proportion of successes in 
seizing the food was not significant at each of the greater 
depths (p>0.10). 


DISCUSSION 


The findings in this experiment supported the results of 
Experiment 2. As in Experiment 2, the ravens located the 
food under an experimental arrangement in which an effort 
had been made to minimize use of nonolfactory cues in 
choice of containers. Further, with depth of concealment 
taken into account, the ravens were as successful in selecting 
the baited container in the pair as they had been in Experi- 
ment 2. The results of this experiment may also be taken as 
indicating that ravens can make use of olfactory stimuli to 
find odiferous food. An alternative explanation would have 
to contend with the evidence that success in selecting the 
baited container was related inversely to the depth to which 
the food was concealed. Presumably, if the ravens were 
guided by nonolfactory cues, then choice of the baited con- 
tainer should have been sustained when the food was buried 
at deeper levels. As it was, the observed failure supplements 
the inference from Experiment 2 that the ravens were able to 
find food solely on the basis of olfactory cues and that the 
ravens could be forestalled in this attempt if olfactory cues 
were lacking. In this experiment, when the ravens failed on 
the choice tests, they did so presumably because the odor of 
the food was insufficiently strong to be detected. 


EXPERIMENT 4 


In Experiments 2 and 3, the ravens were tested under 
conditions dissimilar to those generally encountered by wild 
ravens. This experiment was intended to simulate circum- 
stances in nature in which the ravens must locate foodstuffs 
at different sites. Specifically, in this experiment the birds 
were tested with respect to the efficacy with which they 
located and seized food which had been buried in different 
parts of a gravel field. 


METHOD 
Apparatus 


The field in which the food lay buried was contained 
within an oval, galvanized iron tub (0.6 1.2x0.3 m high) 
that was filled level to the brim with No. 4 gravel. On each 
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trial, a fresh quantity of an incentive (ground fish) was pro- 
vided in one of the following amounts: 1.0 g, 5.0 g, 10.0 g, or 
20.0 g. 


Procedure 


The plan for this experiment was similar to that described 
for Experiments 2 and 3. The particular features of this ex- 
periment are noted below. First, the ravens were given 12 
familiarization trials (2 days) during each of which 10 g of the 
food was placed somewhere on the surface of the gravel (day 
1) or was partially covered with gravel (day 2). Then, the 
group of ravens was given 72 trials (12 consecutive days) in 
which four different quantities of the food were each avail- 
able for 18 trials. On every trial the food was covered by 1.5 
cm of gravel. The different quantities of the food were pro- 
vided during the 72 trials in random order. Also, the food 
was hidden in different parts of the field from trial to trial. On 
each trial, gravel was dug up and then replaced in various 
parts of the field in an effort to reduce the possibility that the 
ravens might make use of auditory cues to find the food. An 
experimenter, wearing plastic gloves, smoothed the gravel 
before the start of all trials. At the end of every trial, gravel 
which had been in actual or suspected contact with frag- 
ments of the food was replaced with clean material. Before 
removing the screen and leaving the aviary prior to a trial, 
one of the experimenters, as in Experiment 3, disturbed the 
bodily orientation of the birds toward the apparatus by walk- 
ing about in the aviary for 1 min. All trials were timed from 
the moment the second experimenter left the aviary until a 
raven was seen to seize the food in its bill. Results for the 
trials were analyzed by an ANOVA for a treatments-by- 
subjects design and by the Newman-Keuls’ multiple-range 
test. 


RESULTS 


The ravens engaged in rapidly executed and successful 
search behavior on all trials. Furthermore, the findings 
summarized in Table 4 show that rapidity with which the 
food was seized on the different trials was significantly re- 
lated to the magnitude of the available incentive, 
F(3,61)=5.21, p<0.01. Multiple comparisons of times re- 
quired to locate the various quantities of the food showed 
that the 20.0 g loadings were found significantly sooner than 
were either the 5.0 g or the 1.0 g loadings (p >0.05). Also, the 
1.0 g, 5.0 g, and 10.0 g loadings were discovered after time 
lapses which did not differ significantly, one from the other 
(p>0.05). 


GENERAL DISCUSSION 


Occasionally, an ornithological textbook will include 
more than the basic, brief mention of investigations into ol- 
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factory capabilities among birds. Within representative ex- 
ceptions [7, 26, 27], none of the passerine birds appears to be 
included in the small number of birds (chiefly certain 
scavengers and water dwellers) which make use of scent for 
any purpose. Hence, the passerine birds, like the majority of 
birds in other orders, are presumed to rely primarily on 
vision in finding food [14,18]). At the outset, corvid birds do 
not appear suitable candidates for tests of olfactory abilities 
among the passerines, for their olfactory apparatus has been 
categorized as at the lowest level of development to be found 
in the order [4, 24, 25]. In fact, it has been said that there is 
an inverse relationship between evolutionary standing 
among birds and the complexity of the olfactory system 
[4,25], with the corvids representing the highest level of 
phyletic standing among avians [24]. 

Nonetheless, the findings from the present investigation 
are consistent with that body of opinion, based though it is 
on uncontrolled observations [1,13], which holds ravens to 
possess sufficient olfactory acuity to find concealed but 
odoriferous food. Under the different procedures of the ex- 
periments here reported, the ravens consistently discovered 
the incentive of ground fish when it was buried under as 
much as 2.5 cm of gravel. Moreover, the ravens did so 
swiftly and proficiently. Even so, the results of Experiment | 
support the contention, dating from the mid-19th century, 
among ornithologists that vision is the dominant sense in 
food discovery by ravens [3, 14, 18]. Apparently, though, the 
birds were able to shift from visual dominance to reliance on 
olfactory cues in finding food when tested in the three exper- 
iments which followed. If the ravens had used nonolfactory 
cues in choosing between containers, then proportions of 
choice should not have differed significantly between the 
**food present’’ and the “‘food absent conditions’ in Exper- 
iment 2. Similarly, had the ravens relied on nonolfactory 
cues in Experiment 3, the birds should have succeeded just 
as well on trials in which the food was deeply buried as they 
did when it was lightly covered. Also, the results of Experi- 
ment 4 showed an inverse relationship between the amount 
of hidden food and the time elapsing before its discovery. 
This finding adds further to the inference that ravens can use 
olfactory stimuli to find food. Moreover, ravens may make 
better use of scent to find food in the wild than was demon- 
strated by the behavior of the captive ravens used in the four 
experiments. The possibility exists because carrion and simi- 
lar material, said to be the chief food or ravens [8, 10, 12], 
would have more intense stimulus value than did the fresh 
ground fish which was used as the incentive in the current 
investigation. Consequently, the captive ravens might have 
shown greater olfactory acuity in the different experiments 
had carrion or offal been used as the incentive. As a final 
point, it may be noted that the findings of this investigation 
do not fit with the assumption that olfactory acuity and size 
of the avian olfactory apparatus are inversely related [4,25] 
or that the olfactory system is of negligible importance for 
the behavior of corvid birds [1, 9, 24]. 
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INGERSOLL, D. W. AND J. LAUNAY. Murine aggression induced by a boar chemosignal: A stimulus presentation 
dependency. PHYSIOL BEHAV 36(2) 263-269, 1986.—Male mice were used to assess for the presence of aggression- 
promoting cues in the boar chemosignal, 5a-androst-16-ene-3-one. The findings of Experiment | indicated that this steroid 
has no aggression-promoting properties when mixed in water. When mixed in urine from castrated males, however, the 
steroid was shown to induce agonistic behavior in aggressors. Thus, the steroid was shown to possess aggression- 
promoting cues when associated with urine. Experiment 2 was designed to assess the chemosignal properties of the steroid 
when mixed in urine or juxtaposed either proximally or distally to urine. It was determined that the steroid needed to be 
either adjacent to or mixed in urine for chemosignal activity to be evidenced. It was concluded that (1) urine may function 
as an orienting stimulus for the appropriate detection of the steroid or (2) the conjoint presentation of the steroid and urine 
provided a qualitatively different stimulus complex than either stimulus presented alone. The findings of both experiments 
question the species specificity of the boar chemosignal and have methodological implications for studies attempting to 
isolate a chemocommunicative substance. Appropriate stimulus presentation procedures need to be considered for future 


research projects. 
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THE steroid Sa-androst-16-ene (androstenone) and its alco- 
hol, 5a-androst-16-ene-3-ol (androstenol), have been isolated 
by Patterson [23,24] as principle components of the boar 
chemosignal [20]. These steroius have been shown to induce 
the ‘‘mating stance’”’ or “‘immobilization reflex’’ in sows [9]. 
Androstenone has been shown to be present in the testes 
[2,14], fat [23], submaxillary glands [24], sweat glands [26] 
and urine [8] of the boar. 

With regard to humans, androstenol has been isolated in 
axillary sweat [4,7] and urine [3,6] of males, and to a lesser 
extent, females. Without direct evidence, however, 
Brooksbank, Brown and Gustafsson [4] have suggested that 
androstenol functions as a human chemocommunicative 
substance. Support of this hypothesis would indicate that 
androstenol is not species specific to the pig. Of interest is 
whether androstenone can function as an aggression- 
promoting cue in murine intermale encounters. Such a find- 
ing would support the nonspecies-specific status of this boar 
chemocue. 

A pilot study tested androstenone in water and did not 
demonstrate evidence of chemosignal activity. Since 
androstenone has been reported to emit a urinary and/or 
musk odor, it was thought that the mixing of this steroid in 
mouse urine would enhance any murine chemocommunica- 
tive properties of the steroid. A second pilot study was im- 
plemented to assess for chemosignal activity of the steroid in 
urine from castrated males. The latter substance is a biologi- 
cal substrate having no aggression-promoting cues (see [12, 


15, 18]). The results of the second pilot study clearly indi- 
cated the presence of chemocommunicative properties of 
Sa-androstenone in urine. 

Experiment 1 was designed to confirm the findings from 
both pilot studies by assessing the chemosignal properties of 
androstenone mixed in water and in urine from castrated 
mice. Experiment 2 was designed to investigate the proper- 
ties of the steroid (a) mixed in urine and (b) mixed in water 
but placed proximally or distally from an area of urine appli- 
cation. Presence of chemosignal activity in the juxtaposed 
stimuli condition would be indicative that the steroid is not 
structurally modified by urinary chemicals but that urine 
may serve as an orienting stimulus for appropriate percep- 
tion of the steroid. 


EXPERIMENT | 


METHOD 
Animals 


A total of 132 inbred SJL/J (SJL) male mice were ran- 
domly selected from the laboratory colony. Seventy-two 
C57BL/10J (C57) male mice served as intruders during ag- 
gression training. Animals were weaned at 30 days of age and 
thereafter were housed individually in 33x 20x 12.7 cm high 
polypropylene cages with pine shaving as nesting material. 
Food and water were available ad lib. At 60-65 days of age 
SJL mice v ere assigned randomly to one of the following 
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groups: (a) aggressors (N=36)—intact males whose behav- 
iors were recorded during stimulus presentation sessions, (b) 
stimulus animals (N=36—gonadectomized males who 
served as targets of aggressor’s behaviors and as presenters 
of stimulus substances, and (c) urine donors (N=60)—intact 
(n=30) and gonadectomized (n=30) males whose urine was 
collected. The C57 males served as either castrated (n=36) 
or intact (n=36) intruders. 


Apparatus 


Clean polypropylene cages (36.8X31.1x16.5 cm high) 
were used for urine collection. The same type of cages, with 
a removable clear Plexiglas top and a sparse amount of pine 
shaving on the floor, were used for the behavioral tests. An 
observer operated manual pushbuttons to record occur- 
rences and durations of attacks and uro-anal sniffs on elec- 
tromagnetic counters and Hunter Timers (Model 120c). The 
steroid, Sa-androst-16-ene-3-one, was purchased from Sigma 
Chemical Co. 


Surgery 


Gonadectomy was performed on male mice who served 
as urine donors (n=30), stimulus animals (n=36) or C57 cas- 
trated intruders (n=36). Surgery was performed as previ- 
ously described [13]. Briefly, each mouse was anesthetized 
with Chloropent (IP, 4 ml/kg) and placed supine on an asep- 
tic operating field. The scrotum and inner membranes were 
cut and the vascular supply to each testes was ligated with 
surgical suture (No. 00). Each testes was removed, the 
scrotum sutured and the animal was returned to its home 
cage. All gonadectomized males were given two weeks to 
recover from surgery prior to testing or urine collection. 


Urine Collection 


A urine donor was placed in a clean polypropylene cage 
and was given a maximum of 2 min to urinate. Uncontami- 
nated voided urine (e.g., no contact with feces or body parts) 
was siphoned into a | ml chilled syringe and was transfered 
to a | ml frozen sterilized glass vial. Urine was maintained at 
—10°C until time of testing. The urine collected from cas- 
trates and intacts was pooled in separate vials. Urine from 
intact males served as a referent or standard of a normal 
chemosignal activity level [12,19]. 


Stimulus Material 


Immediately prior to testing, Sa-androstenone was mixed 
in 2 ml of either water (W) or urine from castrated males 
(CU). Vials of substances were agitated prior to withdrawal 
of a sample. A similar agitation procedure was performed on 
the vials of W, CU and urine from intact males (IU). 


Aggression-Training 


Each aggressor was exposed to an aggression training 
procedure as developed by Ingersoll (Manuscript in prep- 
aration). At 65 days of age each aggressor was exposed to 
two male C57 intruders for six consecutive days. On a given 
training day, an aggressor was exposed to two intruders, 
either castrated (having no aggression-promoting cues) or 
intact (possessing aggression-promoting cues), in their home 
cage. Intruder sessions were separated by 12 hr and were 
implemented in a counterbalanced order across the six days 
of training. Each intruder session was 10 min in duration 
whereby the resident aggressor could attack the intruder. 
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On Day 7, the discriminability of aggressors to attack 
intact and castrated intruders was assessed. Those aggres- 
sors who attacked castrated intruders on five or less occa- 
sions and attacked intact intruders on ten or more occasions 
were included in the experiment. Two aggressors failed to 
meet these criteria and were replaced. This training proce- 
dure has been shown to increase aggressors’ discriminability 
in detecting aggression-promoting cues. In effect, aggressors 
became ‘“‘trained observers’’ of the chemosignal. 


Behavioral Testing 


Each aggressor was paired with a stimulus animal on two 
occasions, separated by 48 hr. Each test session was 15 min 
in duration. Immediately prior to each test session a stimulus 
animal had its uro-anal area coated with W, CU or one of the 
three test substances. The latter substances were (a) steroid 
mixed in W (SW), steroid mixed in CU (SU) and IU. Hence, 
three independent groups of aggressors were established 
with each group defined by the test substance presented to 
aggressors. This independent group factor is hereafter re- 
ferred to as stimulus Substance. 

Water and CU were used as control substances to estab- 
lish base level behaviors [12, 16, 19, 21]. Water served as a 
control substance for SW, and CU served as a control sub- 
stance for SU and IU. Their presentations were counterbal- 
anced between subjects per group. During the first test ses- 
sion, half of the aggressors from each group were exposed to 
a control substance and the remaining males received an 
appropriate test substance. For the second session, aggres- 
sors initially exposed to a control substance were presented 
to a test substance, and aggressors who were initially ex- 
posed to a test substance were exposed to a control sub- 
stance. The repeated measure factor of control and test sub- 
stances is hereafter referred to as stimulus Source. 

During each test session, attacks and uro-anal sniffs emit- 
ted by an aggressor were recorded by an observer unaware 
of the stimulus substance being tested. Prior to each test 
session an aggressor was given a 15 min adaptation period to 
the test cage. At the end of this period, a stimulus animal had 
its uro-anal area coated with a stimulus substance and was 
placed in a corner most distant from the aggressor. A 
stimulus substance was thawed to room temperature and 
0.03 ml was transferred, via a 100 wl syringe, onto a clean 
microslide. Using a camel hair brush (No. 2), the substance 
was then applied onto the uro-anal area of the stimulus 
animal. 


Data Analysis 


The criterion for chemosignal activity of a test substance 
was that it be significantly different from its control sub- 
stance. Level of chemosignal activity of a substance was 
determined vis a vis the chemosignal activity of urine from 
intact males. Of interest was to determine the aggression- 
promoting properties of SW and SU relative to their respec- 
tive control substance and IU. 

Statistical analyses relevant to the present experiment 
were with regard to mean group comparisons. For each of 
the indices, the following analyses were performed: (a) 
Between-groups when only the control substances were pre- 
sented to aggressors, (b) within-groups (i.e., within Source) 
comparing test and control substances and (c) between- 
groups when only test substances were presented. Since 
main effects do not consider individual group comparisons, 
these results were not discussed in text. 
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FIG. 1. Mean attack (A and B) and uro-anal sniff (C and D) behav- 

iors of aggressors exposed to urine from intact males (x), 

androstenone mixed in urine from castrated males (@) and 

androstenone mixed in water (A). The control substances were urine 

from castrated males (for x and @) and water (for A). 


RESULTS 


A Substance x Source (3x2) ANOVA with a repeated 
measure on Source was performed on each of the four indi- 
ces [27]. Where permissible, Tukey Tests, which uses the 
studentized range (Q) distributions, were implemented for 
group comparisons; Q »;(6,33)=4.30. 


Attack Occurrences 


The 3x2 (Substance x Source) ANOVA performed on 
the measure of total attack occurrences showed a statisti- 
cally significant interaction, F(2,33)=36.66, p<0.01. Tukey 
Tests performed on the three groups of aggressors exposed 
to control substances showed no significant differences in 
attack occurrences, Q<0.55, ps>0.05. Hence, the three 
groups of aggressors showed equivalent occurrences of at- 
tacks during base level testing (see Fig. 1A). 

Relative to base level scores, occurrences of attacks in- 
creased in aggressors exposed to either SU or IU, Q=10.76, 
ps<0.01. The remaining stimulus substance, SW, differed 
nonsignificantly from its respective base level attack scores, 
Q=3.37, p>0.05. Hence only SU and IU were shown to 
possess chemosignal properties. Between-group analyses of 
only the test substances showed that each of the three test 
stimuli were significantly different from each other, O=6.98, 
ps<0.01. Of interest is that SU induced significantly more 
attacks than SW (Q=6.98, p<0.01) but signficantly less 
atacks than IU, Q=10.21, p<0.01. Consequently, the steroid 
in urine contained more aggression-promoting properties 
than the steroid in water but less chemosignal activity than 
voided urine from intact males (see Fig. 1A). 


Attack Durations 


The 3X2 (Substance x Source) interaction on the index of 
attack duration was statistically significant, F(2,33)=92.14, 
p<0.01. Subsequent Tukey Tests showed that presentation 
of control substances did not affect attack durations across 
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the three groups of aggressors, 0 =0.80, p>0.05. It was con- 
cluded that the total time spent attacking was equivalent 
across the three groups of aggressors during base level test- 
ing (see Fig. 1B). 

Within-group comparisons showed that only IU and SU 
educed significantly longer durations of attacks than their 
respective control substances, 0=19.51, p<0.01. Hence, IU 
and SU demonstrated chemosignal activity (see Fig. 1B). 
Between-group analyses indicated that IU, SU and SW dif- 
fered significantly from each other, Q>12.25, ps<0.01. 
Moreover, it was found that SU educed significantly more 
time attacking than SW (Q=15.49, p<0.01) but significantly 
less time attacking than IU, Q=12.25, p<0.01. In terms of 
attack time, these findings indicate that SU has less 
chemosignal activity than IU, but more chemosignal activity 
than either IU or SW (see Fig. 1B). 


Uro-Anal Sniff Occurrences 


The two-way interaction on sniff occurrences was statis- 
tically significant, F(2,33)=52.43, p<0.01. Between-group 
analyses of only the control stimuli revealed no significant 
group differences, 0<2.27, p>0.05. Hence, the three inde- 
pendent groups of aggressors showed a similar number of 
sniffs during base level testing (see Fig. 1C). 

Comparisons performed within-groups showed that all 
three test substances educed significantly more uro-anal 
sniffs than their respective control substances, 0>6.06, 
ps<0.01. Hence, SW, SU and IU educed investigatory sniff 
behavior (see Fig. 1C). Between-group analyses of only the 
Stimulus substances indicated that SW educed significantly 
fewer sniffs than either IU (Q=17.90, p<0.01) or SU 
(Q=14.25, p<0.01). SU and IU differed nonsignificantly 
(Q=3.65, p>0.05) in their sniff-inducing properties. These 
findings suggest that SU has a high level of chemosignal 
activity similar to that of IU. Also, SW was shown to possess 
sniff-inducing cues but significantly less than that of either 
IU or SU (see Fig. 1C). 


Uro-Anal Sniff Duration 


With regard to the measure of time spent sniffing, the 
two-way interaction of Substance x Source attained statisti- 
cal significance, F(2,33)=50.32, p<0.01. Tukey Tests per- 
formed on sniff durations during base level testing showed 
no group differences, Q0<0.71, ps>0.05. Hence, the three 
groups of aggressors emitted equivalent sniff durations dur- 
ing base level testing (see Fig. 1D). 

Tukey Tests performed within groups (i.e., within 
Source) showed that all three test stimuli educed greater sniff 
durations than their respective control substances, 0>6.60, 
ps<0.01. Consequently, these stimulus substances meet the 
criterion of possessing chemocommunicative activity. 
Between-group analyses of only test substances revealed 
that SW educed significantly less time sniffing than either [U 
(Q=16.84, p<0.01) or SU (Q=16.72, p<0.01). The stimuli 
IU and SU were found to differ nonsignificantly in their high 
sniff-inducing properties (0 =0.12, p>0.05). Hence, SU was 
shown to educe significantly greater sniff durations than its 
control substance and similar durations as IU (see Fig. 1D). 


DISCUSSION 


As anticipated, the obtained results provided evidence 
that the steroid in urine possessed aggression-promoting 
properties. However, the steroid mixed in water demon- 
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Strated no aggression-promoting properties. The steroid 
mixed in urine educed a greater number of attacks and for 
longer durations than either water, or urine from castrated 
males. However, the steroid mixed in urine educed signifi- 
cantly fewer attacks and of shorter duration than urine from 
intact males. These findings suggest that the steroid mixed in 
urine possesses aggression-promoting properties, but not of 
the high level contained in urine from intact males, i.e., the 
total stimulus complex. 

With regard to uro-anal sniff behavior. SU was 
unambiguously shown to have sniff-inducing properties. The 
steroid in urine educed significantly more sniffs and for 
greater durations than either W or CU. Unlike attack behav- 
ior, however, SU was equivalent to that of IU in its fre- 
quency and duration of uro-anal sniffs. Thus, SU educed a 
high level of sniff behavior similar to that of IU, but less 
occurrences and durations of attacks than IU. 

Of interest is to investigate the properties of mixing the 
steroid in urine. It may be that (a) the steroid was structur- 
ally changed to substances having chemosignal properties 
and/or (b) the urine served as an orienting stimulus for inves- 
tigatory sniff behavior. The following experiment investi- 
gated these issues. 


EXPERIMENT 2 


As a preliminary attempt to address the above issues, 
Experiment 2 was designed to assess the chemosignal prop- 
erties of steroid and urine juxtaposed proximally and dis- 
tally. Placing steroid and urine proximal to one another 
would prevent or minimize urinary chemical reactions acting 
on the steroid. 

Evidence of chemocommunicative activity under this 
stimulus application procedure would indicate that the 
steroid may not be structurally changed in urine. Moreover, 
such a finding would suggest that CU functions as a percep- 
tual orienting stimulus. The latter hypothesis was examined 
by distal application of the steroid and urine. If urine serves 
to orient aggressors, then this stimulus application procedure 
would serve to direct aggressors away from the steroid loca- 
tion. Hence, there should be no evidence of chemosignal 
activity when distal juxtaposition of steroid and urine is im- 
plemented. Such a finding would support the proposition 
that urine functions as an orienting stimulus. 

Experiment 2 implemented four independent groups of 
aggressors exposed to one of the following four test sub- 
stances: (a) steroid mixed in urine (MSU), (b) steroid mixed 
in water applied proximally to urine from castrated males 
(PSU), (c) steroid mixed in water applied distally to urine 
from castrated males (DSU) and (d) urine from intact males 
(IU) which served as a standard referent. 


METHOD 


Animals 


A total of 156 SJL and 72 C57 male mice served in the 
experiment. Forty-eight SJL intact males served as aggres- 
sors (i.e., trained observers) and 48 castrated SJL males 
served as stimulus animals. Urine was provided by 30 cas- 
trated and 30 intact SJL males. Housing conditions and age 
of testing were the same as described in Experiment 1. In 
addition, surgery, urine collection, and aggression training 
procedures were identical to the respective procedures de- 
tailed in Experiment 1. 
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FIG. 2. Mean attack (A and B) and anal sniff (C and D) behaviors of 
aggressors exposed to urine from intact males (x), androstenone 
mixed in urine from castrated males (1), androstenone placed prox- 
imal to urine from castrated males (A) and androstenone placed 
distal to urine from castrated males (@). The control substance for all 
four test substances was urine from castrated males. 


Behavioral Testing 


Assessment for chemosignal activity of stimulus sub- 
stances followed the procedure detailed in Experiment 1, 
except that urine from castrated males served as the only 
substance to establish base level behaviors. The test sub- 
stances were MSU, PSU, DSU and IU. 


Stimulus Application 


Stimulus substances were applied onto only the anal area 
of stimulus animals. Specifically, 0.03 ml of either MSU or 
IU were applied to the left and right of the anus. For PSU, 
0.03 ml of CU was coated adjacent to the anus bilaterally, 
and 0.03 ml of steroid mixed in water was coated adjacent to 
each area of CU application. Thus, to the left and right of the 
anus CU was applied followed by an area of steroid applica- 
tion. 

Coating of DSU was performed by placing 0.03 ml of 
steroid in water on one side of the anus and 0.03 ml of CU on 
the opposite side. Care was taken for substances to be at 
least 2 mm from the anus. This procedure necessitated the 
coating of almost the entire posterior area near the base of 
the tail and thighs. For aggressors presented with MSU, 
DSU or PSU, the steroid was mixed in water as described in 
Experiment 1. 


Data Analysis 


Test substances shown to be significantly different from 
their control substance (i.e., CU), with regard to attacks and 
anal sniffs, were shown to possess chemosignal activity. 
Level of a substance’s chemosignal activity was compared to 
that of urine from intact males. Of interest was to assess the 
chemosignal properties of MSU, PSU and DSU. Although 
the latter substance was not expected to contain chemocues, 
MSU and PSU were expected to educe a similarly high level 
of attack behavior. 
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RESULTS 


A Substance x Source (4x2) ANOVA with a repeated 
measure on the last factor was performed on each of the four 
indices. Where permissible, Tukey Tests were performed on 
the data; QO ,,(8,44)=4.52. 


Attack Occurrences 


The Substance x Source interaction for the measure of 
attack occurrences was Statistically significant, 
F(3,44)=45.90, p<0.01. Between-groups analysis of attack 
occurrences during base level testing showed nonsignificant 
group differences, Q<1.02, ps>0.05. Thus, CU educed 
equivalent attack occurrences across groups (see Fig. 2A). 

Tukey Tests performed on within-group attack scores 
showed that MSU, PSU and IU educed significantly more 
attacks in aggressors than CU, 0210.50, ps<0.01. Thus, 
these test substances, but not DSU, evidenced chemosignal 
properties. Between-group analyses of only the test sub- 
stances revealed that MSU and PSU differed nonsignific- 
antly, Q=1.86, p>0.05. Hence, when the steroid was placed 
adjacent to urine it educed attacks similar to that of the 
steroid mixed in urine. Also, MSU and PSU each educed 
significantly more attacks than DSU, 02=8.48, ps<0.01. It is 
concluded that the steroid needs to be placed near urine to 
acquire aggression-promoting cues. IU was shown to educe 
significantly more attacks than the remaining test sub- 
stances, 09.48, ps<0.01. This result indicates that the 
steroid, either in or near urine, did not educe attacks at the 
high level evidenced by IU (see Fig. 2A). 


Attack Duration 


The analysis of attack duration resulted in a significant 
two-way interaction of Substance x Source, F(3,44)=70.72, 
p<0.01. The stimulus CU was found to educe nonsignificant 
differences (Q<1.25, ps>0.05) in total attack time across the 
four groups of aggressors. Thus, the base level test showed 
equivalent attack durations across the four groups of aggres- 
sors (see Fig. 2B). 

Tukey Tests performed on total attack duration within 
groups showed that MSU, PSU and IU educed significantly 
more time attacking than CU, i.e., the base level stimulus, 
(Q2=17.42, ps<0.01). Thus, these three test stimuli were 
shown to possess chemosignal activity. Between-group 
analyses of only the test substances indicated that MSU and 
PSU differed nonsignificantly from each other (Q=0.17, 
p>0.05). Therefore, the steroid educed similar attack behav- 
ior when either mixed or placed adjacently to urine. DSU 
educed significantly less attack time than either MSU or 
PSU, 0214.98, ps<0.01. It was also found that IU educed 
significantly longer attack durations than the remaining test 
stimuli, Q=14.52, ps<0.01. It is concluded that the steroid 
either mixed or placed adjacently to urine possesses less chem- 
osignal activity than urine from intact males (see Fig. 2B). 


Anal Sniff Occurrences 


The measure of sniff occurrences showed a significant 
Substance x Source interaction, F(3,44)=32.66, p<0.01. 
Subsequent Tukey Tests showed that the four groups of ag- 
gressors differed nonsignificantly in sniff occurrences when 
presented with CU (Q<1.31, ps>0.05). Hence, equivalent 
sniff occurrence scores were obtained on the base level test 
(see Fig. 2C). 

Aggressors exposed to MSU, PSU or IU emitted signifi- 
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cantly more sniffs than when exposed to CU (Q216.41, 
ps<0.01). Thus, all test substances except DSU, evidenced 
sniff-inducing properties. Between-group analyses of only 
the test substances revealed that MSU, PSU and IU differed 
nonsignificantly, 0<3.25, ps>0.05. It was also found that 
DSU educed significantly less sniffs than MSU, PSU or IU 
(Q=14.33, ps<0.01). These results indicate that the steroid 
placed distally from urine acquires no sniff-inducing proper- 
ties. Moreover, the steroid placed proximally to or mixed in 
urine evidenced sniff-inducing properties similar to that of 
urine from intact males (see Fig. 2C). 


Anal Sniff Duration 


With regard to the measure of the total time spent snif- 
fing, the two-way interaction was significant, F(3,44)=41.08, 
p<0.01. When aggressors were exposed to CU, no signifi- 
cant differences were obtained across groups with regard to 
total sniff duration, Q<2.13, ps>0.05. Hence, the four 
groups of aggressors were similar in time spent sniffing the 
uro-anal area of stimulus animals during the base level test 
(see Fig. 2D). 

Tukey Tests performed within Source showed that ag- 
gressors exposed to MSU, PSU or IU engaged in signifi- 
cantly greater sniff durations than when exposed to CU, 
Q=17.89, ps<0.01. These results indicate that the test stim- 
uli, except DSU, have chemocues that induce sniff durations 
greater than that of the control substance. Between-group 
analyses of only the test substances showed that MSU, PSU 
and IU differed nonsignificantly in their induction of sniff 
durations (Q<2.72, ps>0.05). Of interest is that DSU educed 
significantly less time sniffing than MSU, PSU or IU 
(Q211.13, ps<0.01. It is concluded that the steroid placed 
adjacent to urine acquires the property to induce sniff dura- 
tions similar to urine from intact males and the steroid mi:.ed 
in urine (see Fig. 2D). 


DISCUSSION 


The results of Experiment 2 confirm the essential finding 
of Experiment 1 in that the steroid, 5a-androstenone, has 
aggression-promoting properties when associated with urine 
from castrated males. However, the findings of Experiment 
2 indicated that the steroid need not be mixed with urine; the 
steroid can be placed adjacent to urine. The distal mode of 
stimulus presentation was, in effect, a presentation of the 
steroid mixed in water, where it functioned as if presented in 
isolation. It is concluded that both steroid and urine need to 
be perceived concurrently during a sniff episode. As deter- 
mined in Experiment 1, neither urine from castrates nor 
water evidenced chemosignal activity. 

The level of chemosignal activity of MSU and PSU were 
found to be nonsignificantly different. This finding indicates 
that the nonmixing of steroid in urine does not affect its 
aggression-promoting properties. Moreover, this finding 
suggests that placing steroid and urine proximally is suffi- 
cient to activate chemocommunicative properties in steroid 
to levels of steroid mixed in urine. Both modes of stimulus 
presentation, however, produced agonistic behavior less 
than that of IU. Hence, the aggression-promoting properties 
of MSU and PSU were less than that of the standard stimulus 
complex, a result also obtained in Experiment | for MSU. In 
conclusion, it was found that the steroid in or proximal to 
urine can function as a chemical cue, but not with the full 
aggression-promoting characteristics as urine from intact 
males. 
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The sniffing of the anal area was also modulated by the 
steroid placed proximal to or mixed in urine. Moreover, 
these stimuli differed nonsignificantly from each other and 
the urine from intact males, in their induction of sniff occur- 
rences and total sniff durations. Thus, MSU and PSU ac- 
tivated sniff behavior in aggressors to a level similar to that 
of the standard referent, i.e., intact urine. It also is of interest 
that PSU induced a level of sniffing behavior similar to that 
of MSU, suggesting that PSU has the same degree of sniff- 
inducing properties as MSU. Similar to the finding of attack 
behavior, DSU failed to evidence sniff-inducing properties. 
Hence, the steroid needs to be placed in or adjacent to urine 
for chemOsignal activity to be evidenced. 


GENERAL DISCUSSION 


The results of both experiments clearly indicate that the 
steroid has chemocommunicative properties when conjoined 
with urine from castrated males. Experiment 1 demonstrated 
that steroid or urine presented alone did not affect attack and 
sniff behavior of aggressors. However, both experiments 
have provided evidence that the steroid acts in conjunction 
with urine to promote agonistic behavior. Moreover, the 
findings of Experiment 2 indicate that the steroid and urine 
need not be mixed to effect agonistic behavior. These sub- 
stances can be presented separately if placed adjacently to 
one another. This finding supports the contention that 
androstenone is not structurally modified by urinary 
enzymes from a latent prochemosignal structure to an active 
chemosignal state. 

In Experiment 2, it was found that placement of the 
steroid distant from urine failed to educe agonistic behavior. 
Under this stimulus presentation condition, the steroid func- 
tioned as if it was presented alone. Since aggression- 
promoting cues were evidenced in the proximal but not distal 
placement of the steroid, relative to the placement of urine, it 
is concluded that the steroid requires the conjunctive pres- 
ence of urine during a sniff episode. 

Apparently, these two substances need to be detected 
concurrently by an aggressor during a sniff episode. Place- 
ment of steroid distant from urine makes the process of con- 
joint sniffing difficult, or perhaps impossible, for aggressors 
to perform. It may be that when steroid and urine are per- 
ceived conjointly, a qualitatively different perception 
emerges than when each substance is perceived separately. 
A second explanation could be that urine (or androstenone) 
serves as an orienting stimulus for performing appropriate 
sniff behavior, e.g., activiation of the vomeronasal system 
[28]. Both processes suggest that the stimulus properties of 
the steroid mixed in urine are complex (see [22)). 


INGERSOLL AND LAUNAY 


Ingersoll [10] has shown that aggressors primarily use the 
vomeronasal organ (of Jacobson) for the detection of 
aggression-promoting cues. It was found that lesioning of the 
vomeronasal organ significantly reduced attacks and uro- 
anal sniffs, whereas irrigation of the olfactory mucosa with 
zinc sulfate nonsignificantly reduced these behaviors. Of in- 
terest is the finding that joint elimination of the olfactory and 
vomeronasal systems reduced agonistic behaviors to a near 
zero level. Hence, the olfactory system may be involved in 
the orientation and/or activation of the vomeronasal organ in 
the detection of chemocues. 

In a later study, Ingersoll [11] demonstrated that aggres- 
sion training by the dangling technique (see [25]) of aggres- 
sors can create a greater role for the olfactory system in the 
sensory mediation of aggression-promoting cues. Thus, 
experiential factors can affect the sensory mediation of 


‘ chemosignals. With regard to the findings of the present 


study, it may be that the conjoint presentation of steroid and 
urine induces the olfactory system to stimulate the aggressor 
to operate its vomeronasal organ. Further studies are needed 
to determine the sensory mediation of these chemical cues. 

It is not known if androstenone or androstenol is released 
by the mouse, either in its saliva (see [17]) or urine. If the 
chemical substance is released by mice, then it clearly does 
not have species specificity. Since it does function as a 
chemosignal in mice, however, it may be structurally similar 
to a putative but unidentified steroid found in the bladder 
urine of male mice [19]. This issue is presently being ad- 
dressed in my laboratory. 

Another issue generated by the present results is the use 
of an appropriate stimulus presentation procedure when at- 
tempting to isolate chemocommunicative substances (see 
{22]). During the separation procedures used to isolate 
chemocues, the characteristics of the initial stimulus com- 
plex are radically changed. This change may affect the 
chemocommunicative properties of the substance(s) being 
tested. Bobotas [1] has isolated a preputial substance shown 
to have aggression-promoting properties, but of a lesser 
magnitude than that of voided urine from intact males. Given 
the present findings, the low chemosignal activity of the pre- 
putial substance may be due to the lack of other relevant 
urinary stimuli, e.g., orienting stimuli. 
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MORRIS, P. AND G. H. ANDERSON. The effects of early dietary experience on subsequent protein selection in the rat. 
PHYSIOL BEHAV 36(2) 271-276, 1986.—Two series of experiments were designed to investigate the effects of protein 
composition of the first solid food consumed by young rat pups on their subsequent protein intake after weaning. In the first 
series of experiments, pups were allowed access to the maternal diet between 17 and 21 days of age, then weaned to a 
choice of 10% and 60% casein diets at 21 days. Pups with access to a maternal diet containing 39% casein selected high levels of 
protein (calculated as % of total calories selected as protein: 50+ 1% (access) vs. 29+3.5% (no access), p<0.05), whereas lower 
levels of protein were selected following access to a maternal diet containing 26% casein (16+1.1% (access) vs. 23+1% (no 
access), p<0.05) or 10% casein (27+3.9% (access) vs. 39+3.7% (no access), p<0.05). In a second series of experiments, the 
influence of early diet composition on subsequent protein selection was confirmed by prematurely weaning rats at 17 days 
of age to either 39% or a 10% casein diet. When given a choice of 10% and 60% casein diets at 21 days, pups selected higher levels 
of protein if weaned to a 39% casein diet as compared to a 10% casein diet (37+5.0% vs. 19+3.5% (p<0.05) for the first 
experiment and 43+3.0% vs. 26+4.0% (p<0.05) in a second experiment). It was concluded that the level of protein selected by 


young rats is positively correlated with the protein concentration of their first solid food. 


Early experience Food preference Self-selection 


Protein intake 





THE influence of early experience on later behavior is an 
area of longstanding interest [30], and although traditionally 
considered in relation to its implications for the development 
of social and emotional behaviors [33], it also has relevance 
to feeding behavior [35]. At weaning, independence from the 
mother and dependence on the environment is paralleled by 
development in the offspring of independent controls over 
feeding behavior. By 17 days of age, the usual age for onset 
of solid food consumption [19], suckling in rat pups is under 
the influence of a number of regulatory factors known to 
affect adult feeding behavior [5], and milk intake is adjusted 
appropriately as alternate sources of food and fluid become 
available in the environment [20]. Early experience is unnec- 
essary for the initiation and regulation of solid food intake, 
since this still occurs normally in rat pups reared by 
intragastric intubation from birth [16]. By contrast, early 
experience has been shown to be of importance to later food 
selection in a number of species [22]. At weaning, young rat 
pups show a preference for the maternal diet over a second 
diet [8-9, 12-14], and it has been suggested that this may 
even reflect information transmitted in the maternal milk 
during the suckling experience [12,14]. It would therefore 
appear that, unlike the initiation and regulation of first solid 
food intake, solid food selection may well be influenced by 
early ingestive experience. 





In rats, the role of early dietary experience on subsequent 
food selection has usually been investigated by offering pups 
at or just after weaning a choice between the maternal diet 
and a second diet, the proportion of each diet then consumed 
representing the pups preference for the maternal diet. In 
such studies the variable measured has been total food in- 
take. However, it is recognized that the intake of individual 
macronutrients such as protein is also regulated [27], and 
previous developmental studies from this laboratory have 
demonstrated that the level of protein selected by young rat 
pups after weaning is positively correlated with the protein 
concentration of the maternal diet [24]. An important ques- 
tion arising from these previous studies is the extent to which 
such early protein intake patterns actually depend on the 
pups’ direct ingestion of the maternal diet as their first solid 
food. Therefore, the purpose of the present study was to 
extend the original observations by investigating specifically 
the effects of early dietary experience (with diets of different 
protein concentration) on subsequent protein intake regula- 
tion (achieved by elective consumption of two isocaloric and 
adequate diets of different protein concentration) after wean- 
ing. Early dietary experience was manipulated by two 
methods: controlling access of pups to the maternal diet be- 
tween 17 and 21 days of age, and prematurely weaning pups 
to solid food beginning at 17 days of age. The results indicate 
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that the level of dietary protein voluntarily selected after 
weaning is positively correlated with the protein concentra- 
tion of the first solid food consumed in late lactation. 


METHOD 


Male and female Wistar albino rats (Woodlyn Farms, 
Guelph, Ontario) weighing approximately 350 g and 210 g, 
respectively, were individually housed upon arrival in sus- 
pended wire mesh cages with ad lib access to Purina Rat 
Chow and water, in a room uniformly illuminated each day 
(0700-1900 hr) at a temperature of 23+2°C. Following 10 
days of adaptation to environmental conditions, animals 
were mated by placing three females and one male in a deep 
plastic shoebox maternity cage. Daily, between 0800-0930 
hr, vaginal smears were taken for pregnancy testing. Upon 
confirmation of pregnancy (sperm positive vaginal smear), 
females were removed and housed individually in shallow 
plastic shoebox maternity cages with ad lib access to water 
and a synthetic diet. At birth, all litters were culled to 8 pups. 

The objective of the first series of experiments (experi- 
ments 1-3) was to study the effects of pups’ access to the 
maternal diet between 17 and 21 days of age upon their sub- 
sequent selection of protein after weaning. For these exper- 
iments, on confirmation of pregnancy dams were assigned 
alternately to one of two possible housing conditions. Half of 
the dams and their litters were housed in shoebox maternity 
cages throughout pregnancy and all of lactation. The remain- 
ing half of the dams and their litters, however, were housed 
in shoebox maternity cages throughout pregnancy and until 
only day 17 of lactation; thereafter, they were housed in 
modified rabbit cages which permitted elevation of the food 
cup against the wall of the cage, thus preventing direct ac- 
cess of the pups to the maternal diet. The protein concentra- 
tion of the diet fed throughout pregnancy and lactation was 
10% (Experiment 1), 26% (Experiment 2), or 39% (Experi- 
ment 3); the number of litters (8 pups) was 10 (Experiment 
1), 18 (Experiment 2) and 10 (Experiment 3). 

The food cup height required to prevent access of the 
pups to the maternal diet was determined in a pilot study as 
follows. In groups of four, pups were separated from their 
mothers at 0800 hr, weighed, and placed for 24 hr in a mod- 
ified rabbit cage with an elevated cup. The following morning 
pup body weight and food intake were measured, and pups 
were then returned to their dams for at least 24 hr before 
participating in further tests. A decrease in pup body weight 
and constant food cup weight was taken as evidence that the 
food cup height was sufficient to prevent access of pups 
having that (pre-test) body weight; on the other hand, in- 
creased pup weight and reduced food cup weight was taken 
as evidence that the height was insufficient to prevent ac- 
cess. For each food cup height tested there was a minimum 
body weight necessary for gaining access to the cup: for 
example, 31 g at 6", 36 g at 8” and 41 g at 10”. In this manner, 
a total of six litters were used to establish the relationship 
between body weight and food cup height required to pre- 
vent access. According to this relationship, the food cup was 
appropriately elevated commensurate with the growth of the 
litter during the actual experiments. 

The objective of the second series of experiments (Exper- 
iments 4-5) was to study the effects of prematurely weaning 
pups to diets of different protein concentration between 17 
and 21 days of age upon their subsequent selection of 
protein. For these experiments, dams and their litters (8 
pups) were housed in shoebox maternity cages and fed a 26% 
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FIG. 1. The effect of access to the maternal diet during late lactation 
on subsequent selection of protein after weaning. During the last 
four days of lactation (days 17-21), pups were either allowed access 
(open circles) or not allowed access (closed circles) to the maternal 
diet, then given a choice of 10% and 60% casein diets after weaning 
(day 21). Data points represent mean+SEM; N represents number 
of litters; *»<0.05, access vs. no access. 
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casein diet until day 17 of lactation; pups were then prema- 
turely weaned to experimental diets of different protein con- 
centration for the last four days of the normal lactation 
period. In Experiment 4, four pups from each of six litters 
were prematurely weaned to each of 10% and 39% casein 
diets; pups were housed in shallow shoebox maternity cages, 
four animals per cage with two food cups per cage. In Exper- 
iment 5, pups from six litters were prematurely weaned to a 
10% casein diet, and those from another six litters to a 39% 
casein diet; pups were housed in shallow shoebox maternity 
cages, four animals per cage with two food cups per cage. 
At 21 days of age, all pups were housed individually in 
suspended wire mesh cages with ad lib access to water and a 
choice of two experimental diets (10% and 60% casein). At 
3-4 day intervals over a period of approximately 3 weeks, 
measurements of body weight (to the nearest 1 g) and food 
intake (to the nearest 0.1 g) were made gravimetrically. The 
level of protein selected was calculated as % protein energy 
selected (% protein energy = 100% x protein intake (g) x 4 
(kcal/g) + total food intake (g) x 4.25 (kcal/g)). Food intake was 





PROTEIN SELECTION IN THE RAT 


TABLE 1 


EFFECT OF ACCESS TO MATERNAL DIET DURING LATE LACTATION ON TOTAL ENERGY INTAKE AND BODY 
WEIGHT AFTER WEANING 





Maternal 


Diet Parameter Access N§ 


Days Postweaning (10%, 39% casein) 
7 10 14 24 


Days Postweaning (26% casein) 





10% energy Yes 
intake No 
(kcal) 


body Yes 
weight No 
(g) 


energy 
intake 
(kcal) 


body 
weight 
(g) 
energy 
intake 
(kcal) 


body 


weight 
(g) 





During the last four days of lactation (days 17-21) pups were either allowed access to the maternal diet or not 
allowed such access; after weaning (day 21) pups were then given a choice of 10% and 60% casein diets for 
protein selection. §N represents number of litters; }Data represent mean + SEM; *p<0.05, access vs. no access. 


expressed as total caloric intake (total caloric intake=food 
intake (g) x 4.25 (kcal/g)). Where total food intake is un- 
changed, decreased protein selection would result from re- 
duced intake of the 60% casein diet and increased intake of 
the 10% casein diet; increased protein selection would result 
from the reverse shift in diet selection. 

Experimental diets consisted of the following nutrients by 
weight: starch 83.5%, corn oil 10%, vitamins 4% and miner- 
als 2.5% [29]. Protein as casein was added to the desired 
level (10%, 26%, 39%, 60%) at the expense of the carbo- 
hydrate portion. Nitrogen content of the diets was confirmed 
by micro-Kjeldahl analysis [1]; all diets had a caloric density 
of 4.25 kcal/g. Maternal and weaning diets were provided in 
glass jars (32 oz, 3” high) equipped with a metal screen insert 
and metal lid (17/s” opening); premature weaning diets were 
provided in Wahman metal food cups (1°/s” high, 1'/s” open- 
ing). 

Significant differences in variables measured over the ex- 
periments’ duration were established by analysis of variance 
(repeated measures); individual comparisons between exper- 
imental groups were then made using Tukey’s Test [34]. In 
all analyses 0.05 was taken as the level of statistical signifi- 
cance. 


RESULTS 
The level of protein selected by young rat pups following 
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FIG. 2. The effect of premature weaning to diets of different protein 
concentration on subsequent selection of protein. During the last 
four days of lactation (days 17-21) pups were prematurely weaned to 
either a 39% casein diet (open circles) or a 10% casein diet (closed 
circles), then given a choice of 10% and 60% casein diets after 21 
days. Data points represent mean+SEM; N represents number of 
litters; *p<0.05, 10% casein vs. 39% casein. 
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TABLE 2 


EFFECT OF PREMATURE WEANING TO DIETS OF DIFFERENT PROTEIN CONCENTRATION ON 
SUBSEQUENT TOTAL ENERGY INTAKE AND BODY WEIGHT 





Early 


Exp’t Parameter Diet 


Days Postweaning 





+ energy 10% 
intake 39% 
(kcal) 


body 10% 
weight 39% 
(g) 


energy 10% 
intake 39% 
(kcal) 


body 10% 


weight 
(g) 


122 + 15t 


6 





During the last four days of lactation (days 17-21) pups were prematurely weaned to either a 10% 
or a 39% casein diet; after 21 days of age pups were then given a choice of 10% and 60% casein diets 
for protein selection. §N represents numbers of litters; tData represent mean + SEM; *p<0.05, 


10% casein vs. 39% casein. 


weaning was directly related to whether or not they had 
access to the maternal diet in the last four days of the normal 
lactation period, and to the protein content of the maternal 
diet consumed (Fig. 1). Pups with access to the 10% mater- 
nal diet selected a significantly lower level of protein during 
the first ten days of selection (Fig. 1A: F(4,32)=3.40, 


p<0.05); during the second week, however, their selection of 
protein increased to reach that of pups without access (Fig. 
1A). Except for day 3, the two groups of pups did not differ 
significantly in total food intake (Table 1: F(4,32)=1.45, 
p>0.05). When the maternal diet was 26% casein, pups with 
access selected a significantly lower level of protein during 
the first two weeks of selection (Fig. 1B: F(5,80)=2.75, 
p<0.05). Except for days 6 and 24, the differences observed 
in protein selection were not accompanied by differences in 
total food intake (Table 1: F(5,80)=0.99, p>0.05). Pups with 
access to a 39% maternal diet during the last four days of 
lactation selected a significantly higher level of protein dur- 
ing the first week of selection than pups without access (Fig. 
1C: F(4,32)=6.02, p<0.05). Again the two groups of pups did 
not differ significantly in total food intake (Table 1: 
F(4,32)=0.19, p>0.05). It was also evident that when pups 
had access to a maternal diet of 10% (Fig. 1A) or 26% (Fig. 
1B) casein, they selected lower levels of protein than pups 
with access to a maternal diet of 39% casein (Fig. 1C). 

By 21 days of age, the difference in body weight between 
pups with and without access to the maternal diet was not 
significant for the 10% maternal diet (29+1 g (access) vs. 
29+1 g (no access), t(8)=2.76, p>0.05), but was significant 
for the 26% maternal diet (50+1 g (access) vs. 43+1 g (no 
access), 1(16)=4.91, p<0.05) and the 39% maternal diet 
(46+2 g (access) vs. 40+1 g (no access), t(8)=2.76, p<0.05). 
Nevertheless, throughout the entire period of selection, the 
two groups of pups did not differ significantly in body weight 
for any of the maternal diets (Table 1: 10% casein, 
F(4,32)=0.05, p>0.05; 26% casein, F(5,80)=0.99, p>0.05; 
and 39% casein, F(4,32)=0.03, p>0.05). 


The level of protein selected by young rat pups following 
a period of premature weaning was directly related to the 
protein concentration of the diet consumed during this 
period (Fig. 2). Pups prematurely weaned to a 39% casein 
diet selected significantly higher protein levels than pups 
prematurely weaned to a 10% casein diet, during the first ten 
days (Fig. 2A: F(3,30)=3.34, p<0.05) to seven days (Fig. 2B: 
F(1,10)=5.11, p<0.05) of the selection period. However, by 
fourteen days these differences in protein selection were no 
longer evident (Fig. 2A). The two groups of pups did not 
differ significantly in total food intake in either Experiment 4, 
F(3,30)=2.31, p>0.05, or Experiment 5, F(1,10)=0.89, 
p>0.05 (Table 2); they did differ significantly in body weight 
in Experiment 4, F(3,30)=2.82, p<0.05, but not Experiment 
5, F(1,10)=1.49, p>0.05 (Table 2). 

Over all experiments, the relationship between level of 
protein selected and protein concentration of first food con- 
sumed was found to be positively correlated. Since the 
treatment effect was not long lasting, the correlation was 
calculated using protein selection values from the first exper- 
imental series (Fig. 1) for pups with access to the maternal 
diets, on days when their selection differed significantly from 
pups without such access; and from the second experimental 
series (Fig. 2) for those days on which a significant differ- 
ence occurred in the selection of pups weaned prematurely 
to different diets. The result was a significant positive corre- 
lation between the level of protein energy selected and the 
protein concentration of the first solid food consumed (Fig. 
3: r(17)=0.83, p<0.05). 


DISCUSSION 


In a previous investigation of the effects of maternal nu- 
trition on subsequent progeny feeding behavior, a positive 
correlation was observed between the protein concentration 
of the maternal diet and the level of protein selected by 
young rat pups after weaning [24]. The current study, by 
controlling direct access of pups to the maternal diet in late 
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FIG. 3. Correlation between the protein concentration of the first 
solid food consumed by young rat pups, and the subsequent level of 


protein energy they voluntarily select. Data points represent 
mean+SEM. 


lactation (Fig. 1) or prematurely weaning pups to solid diets 
for four days (Fig. 2), has shown more specifically that it is 
the protein concentration of the first solid food consumed by 
young rat pups which correlates positively with their subse- 
quent level of protein selection (Fig. 3). Furthermore, these 
effects of early dietary experience on protein selection pat- 
terns were not caused by, or confounded by, changes in total 
food intake, but were specific to protein intake (Tables 1, 2). 

The results of the present study do not support the sug- 
gestion that the important information for influencing subse- 
quent dietary preferences is transferred to the offspring by 
means of the mother’s milk [12,14]. Comparison of the ex- 
treme dietary groups (10% in Fig. 1A and 39% in Fig. 1C) 
indicates that pups without access to the maternal diet 
showed no differences in selection patterns, whether the diet 
was 10% or 39% casein. Since these pups were solely de- 
pendent on the mother’s milk for nutriture, either no infor- 
mation was transferred to them, or mother’s milk is not the 
medium for the transfer of information for early protein 
selection. The latter possibility is suggested by comparison 
of the groups which did have access to the maternal diet in 
late lactation: here differences in selection were observed 
between pups with access to a 10% as opposed to a 39% 
casein diet, the result of simply having access to those diets. 
This is further supported by the effects of premature weaning 
where differences in the selection patterns were again ob- 
served following access to diets of different composition 
(Fig. 2). 

Although a mechanism for the observed effects of early 
dietary experience on protein selection was not examined, 
there are several possible explanations for the results. The 
effects of early experience on subsequent protein selection 
may reflect the role of sensory factors, that is, the level of 
protein selected after weaning may be influenced by the sen- 
sory similarity of the diets available for this voluntary selec- 
tion, and those experienced before weaning at the time of 
first solid food consumption. Rats exhibit a preference for 
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foods [7,32] or fluids [31], identifiable by taste and smell, 
which previously corrected states of hunger or dehydration, 
and they will select differently from diets on the basis of 
texture [4,6]. Therefore, it may be argued that previous 
familiarity with a 10% casein diet during late lactation or 
premature weaning, perhaps led to a preferential selection of 
that diet after weaning, when pups then had a choice be- 
tween 10% and 60% casein diets. This would result in low 
levels of protein selection. In a similar manner, the 39% ca- 
sein diet may have sensory similarity to the 60% diet, biasing 
subsequent selection between the 10% and 60% casein diets 
offered after weaning toward higher levels of protein selec- 
tion. Such sensory modification of ingestive behaviors is 
believed to account for the effects of experience with fla- 
vored fluids during the early postweaning period, on subse- 
quent preferences for these fluids in later choice tests [10]. 

An alternate explanation is that the effects of early dietary 
experience on subsequent protein selection may reflect the 
role of metabolic factors. Since the activity of many enzymes 
of nitrogen metabolism is altered by the protein concentra- 
tion of the diet [17], and this in turn can influence food intake 
behavior [18], the level of protein selected may represent a 
behavioral response to the metabolic consequences of expo- 
sure to different levels of dietary protein before weaning. 
Therefore, exposure to a high protein diet during late lacta- 
tion or premature weaning would increase the activity of 
protein catabolic enzymes, resulting in increased protein 
selection after weaning to meet protein requirements; early 
exposure to a low protein diet, by having less impact on the 
catabolic enzymes, would be associated with lower levels of 
voluntary protein selection. Similarly, young rats maintained 
on diets of different protein concentration for an interval 
following weaning, later showed different levels of voluntary 
protein consumption [26]. On the other hand, a metabolic 
explanation may also be based on the known relationships 
between diet, brain metabolism and behavior [2]. Chronic 
levels of protein intake are inversely correlated with the 
plasma tryptophan to neutral amino acid ratio which directly 
influences brain serotonin synthesis [3], and acute meal to 
meal regulation of protein intake is achieved by maintaining 
a constant level of brain serotonin synthesis [28]. Accord- 
ingly, it is possible that a particular level of protein is volun- 
tarily selected following weaning, in order to maintain brain 
serotonin levels similar to those present in relation to the 
composition of the first solid food consumed. This is sup- 
ported by the positive correlation observed between the 
level of protein selected by recently weaned rats, and the 
accumulation of the major serotonin metabolite in the brains 
of their littermates at weaning [25]. 

Regardless of the mechanism, the experimental effect was 
brief. After approximately seven to fourteen days experi- 
mental groups selected the same level of dietary protein in 
the postweaning period (Figs. 1, 2A). Similarly, several pre- 
vious studies have shown that preference for the maternal 
diet does not last [9], or decreases during the first week 
following weaning [12]. The topography of the protein selec- 
tion response after weaning (Fig. 1) indicates that animals 
gradually increase their protein intake in the first few weeks 
of selection in order to arrive at a stable level of selection by 
three weeks, despite continued growth. It is during this pre- 
liminary period of selection that early experience can deflect 
the pattern of selection from its normal developmental time 
course. Therefore, the experimental effect altered the devel- 
opmental time course of selection but not the final level of 
selection achieved. This pattern of influence suggests that 





276 


regulatory mechanisms for protein intake are pre-emptive in 
the control of that intake, overriding possible contributions 
by sensory and metabolic factors during early dietary expe- 
rience. 

Nevertheless, the results of the present study are signifi- 
cant in three respects. Firstly, for the design of experiments 
in which compounds or drugs are administered to the dam by 
means of the maternal diet, the present study underscores 
the importance of controlling pups’ access to that diet in 
order to prevent their direct ingestion of such active princi- 
ples [21]. Secondly, the observed early protein selection pat- 
terns are relevant to the possible development of preferences 
for other nutrients, such as salt or fat as they may be con- 
tained in the first solid food consumed, particularly in view 
of the putative importance of these nutrients in the etiology 
of later hypertension and obesity [15]. Finally, the results are 
significant for brain and behavioral development. Using the 
premature weaning paradigm to illustrate, it is clear that the 
level of protein voluntarily consumed by pups varies for ap- 
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proximately a fourteen day period, beginning at the time of 
first solid food consumption until about ten days after wean- 
ing. During this same developmental interval several critical 
processes are occurring, including maturation of the levels of 
neurotransmitters and related enzymes [23], as well as the 
formation of nerve connections [11]. Therefore, any diet in- 
duced changes in neurotransmitter synthesis [2] associated 
with early dietary experience and subsequent protein selec- 
tion at this time, would have importance for brain develop- 
ment and the full expression of behavioral and physiological 
functions. 

In conclusion, the level of protein voluntarily selected by 
young rat pups after weaning is influenced by the protein 
composition of their first solid food consumed in late lacta- 
tion. These results illustrate the significance of early dietary 
experience for development of protein intake behavior, and 
the relative importance of access to the maternal diet rather 
than maternal milk in establishing such early protein intake 
patterns. 
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RODRIGUEZ-MANZO, G., M. L. CRUZ AND C. BEYER. Facilitation of lordosis behavior in ovariectomized 
estrogen-primed rats by medial preoptic implantation of 5B, 3B, pregnanolone: A ring A reduced progesterone metabolite. 
PHYSIOL BEHAV 36(2) 277-281, 1986.—The effect on lordosis behavior of progesterone (P) and some of its ring A 
reduced metabolites (58 pregnane 3a ol 20 one, 58 pregnane 38 ol 20 one and Sa pregnanes 38 ol 20 one) was studied in 
estrogen primed overiectomized rats by unilaterally implanting them in two brain areas related to the control of lordosis 
behavior: the ventromedial hypothalamic nucleus (VMH) and the medial preoptic area (mPOA). Of the four pregnanes 
studied only 58 38 pregnanolone consistently induced lordosis behavior when implanted into the mPOA. The present 
results show that some 58 reduced P metabolites car facilitate with a short latency the display of lordosis behavior, 
probably by depressing the activity of telencephalic neurons inhibitory to sexual behavior. 


Progesterone 5 Reduced pregnanes 
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PREGNANES reduced in the 58 position are produced from 
progesterone (P) in some brain areas [2, 3, 9]. Although some 
of these steroids exert potent hypnotic actions [1, 7, 8, 10] 
little is known about their possible significance for brain 
functioning. Czaja et al. [4] evaluated the effect of the sys- 
temic injection of 58 dihydroprogesterone (58 pregnane-3, 
20-dione) on the lordosis response of estrogen primed guinea 
pigs, at only one dose level, and found it to have a moderate 
facilitative action on this behavior. This effect was, how- 
ever, weaker than those obtained with either P or Sa di- 
hydroprogesterone (Sa pregnane 3, 20 dione). These authors 
[4] suggested that the superior potency of injected P over 
ring A reduced pregnanes was due to mechanisms of 
bioavailability. This interpretation is supported by the fact 
that some 58 pregnanes, i.e., pregnanolone, are rapidly con- 
jugated with glucuronic acid and sulfate [20]. Due to the 
hydrophylic character of these conjugates their penetration 
through the blood brain barrier in significant amounts ap- 
pears unlikely. 

Therefore, we decided to study the possible behavioral 





significance of some ring A reduced metabolites of P by im- 
planting small amounts of Sa and 58 pregnanes directly in 
those brain regions that have been implicated in the control 
of lordosis in the rat [14,17] namely the ventromedial hypo- 
thalamus (VMH) and the medial preoptic area (mPOA). 


METHODS 


Subjects (Ss) were young female Sprague Dawley rats 
(200-250 g body weight). They were maintained on a re- 
versed light dark cycle (10 hr dark/14 hr light). Ss were 
housed in individual cages and fed with Purina rat chow and 
water ad lib. 

Ss were ovariectomized under ether anesthesia. Thirty 
days after ovariectomy, they were anesthetized with ether, 
and guide cannulae (23 gauge, 1 cm long) were unilaterally 
implanted (left side) in the VMH (A 5.8, L=1 mm, 9 mm 
deep) or mPOA (A 7.4 L=1 mm, and 8 mm deep) with the 
aid of a Kopf stereotaxic instrument. Guide cannulae were 
attached to the skull with Caulk dental cement. Implant 
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TABLE 1 


EFFECT OF INTRACEREBRAL IMPLANTATION OF PROGESTERONE AND SOME OF ITS RING A REDUCED METABOLITES ON THE 
LORDOSIS BEHAVIOR OF OVARIECTOMIZED RATS PRETREATED WITH 4 vg OF ESTRADIOL BENZOATE 





30’ 
% Responding 
Ss and 


Treatment 
(Steroid and site 
of implantation) 


No. of 


Group Subjects 


% Responding 


2 hr 4hr 
% Responding 
Ss and 


24 hr 48 hr 
% Responding % Responding 


Ss and Ss and Ss and 


mean LQ +SD meanLQ+SD meanLD+SD meanLQ+SD meanLQ+SD 





Cholesterol 
Medial Preoptic Area 
mPOA 


Cholesterol 
Ventromedial Hypothala- 
mus VMH 


Progesterone in mPOA 


Progesterone in VMH 


5B Pregnan 38 ol 
20 one in mPOA 24 + 19* 
58 Pregnan 38 ol 100% 

20 one in VMH 24+ 9 


58 Pregnan 3a ol 
20 one in mPOA 


5B Pregnan 3a ol 
20 one in VMH 


5a Pregnan 36 ol 
20 one in mPOA 


Sa Pregnan 38 ol 
20 one in VMH 


00 + 00 


50% 
14+ 18 
40% 
8+ 11 
100% 100% 
74 + 25* 78 + 24* 
100% 
26 + 11* 


0% 
00 + 00 





*p<0.01. *LQ’s were calculated from all subjects; i.e., responsive and non responsive. 


coordinates were chosen according to the atlas of DeGroot 
[5]. Ten days after implantation of the guide cannulae all rats 
received a SC injection of 4 wg EB dissolved in 0.04 ml of 
sesame oil (time 0). Forty-four hours later an insert cannula 
(28 gauge, 1 cm long) loaded with pregnane or cholesterol 
(control groups) was lowered to the selected region (VMH or 
mPOA) through the guide cannula. Light ether anesthesia 
‘was used for this procedure. Insert cannulae were filled by 
gently tapping them into a small dish with the crystalline 
pregnanes. 

The following steroids were implanted in this study: cho- 
lesterol, progesterone (P), 58 pregnane 3a ol 20 one, 58 preg- 
nane 38 ol 20 one, and Sa pregnane 38 ol 20 one. Each 
steroid was implanted in two brain areas: the medial preoptic 
area or the ventromedial hypothalamic nucleus. Ten Ss were 
used in each group. 

Steroids were purchased from Sigma Chemical Co. Iden- 
tity and purity of the steroids were established by melting 
point determination and infrared spectrometry. Receptivity 
of the females was quantified using the lordosis quotient 
(LQ, number of lordosis/10 mounts x 100). Stud males were 
vigorous selected rats. Tests for female sexual behavior were 
conducted in cylindrical Plexiglas cages 30 min, 2 hr, 4 hr, 24 
hr and 48 hr after implantation. 


Ss were sacrificed by an overexposure to ether. They 
were perfused through the heart with 10% formalin and their 
brains removed and cut every 100 yw and stained with 
hematoxylin-eosin for verification of cannulae placements. 

Statistical analyses were performed using the Mann- 
Whitney U test with p<0.001 selected as the level of signifi- 
cance [24]. 


RESULTS 


Table 1 summarizes the results obtained in this experi- 
ment. EB (4 wg) combined with cholesterol implantation in 
either the mPOA or the VMH failed to induce significant 
lordosis behavior (groups 1 and 2). Of all pregnanes tested, 
only 58 38 pregnanolone when unilaterally implanted into 
the mPOA region (group 5) induced high levels of lordosis, 
>70 LQ. Lordosis behavior was already observed in most 
rats (8 out of 10) thirty minutes after the implantation of this 
pregnane, but peak values for individual rats were found 
between 2 to 4 hours postimplantation. No clear signs of 
proceptivity (darting, hopping or ear wiggling) were ob- 
served in these rats. Unilateral implantation of P in the me- 
dial preoptic area elicited only weak lordosis behavior in 6 
out of 10 subjects (2 hr after P injection). No proceptive 
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FIG. 1. Coronal sections through the rat brain illustrating the cannula placements containing 58 36 pregnanolone (@) or P (V) implanted above 
medial preoptic area (mPOA) or ventromedial hypothalamus (VMH) in estrogen-primed ovariectomized rats. Sections presented here are 
modifications of those in the stereotaxic atlas of DeGroot [5]. The number above each section refers to the approximate anterior-posterior 
coordinates in millimeters. 














FIG. 2. Coronal sections through the rat brain illustrating the cannula placement containing cholesterol (+), 58 3a pregnanolone (O), or Sa, 38 
pregnanolone (@) implanted above medial preoptic area (mPOA) or ventromedial hypothalamus (VMH) in estrogen primed ovariectomized 
rats. Sections presented here are modifications of those in the stereotaxic atlas of DeGroot [5]. The number above each section refers to the 
approximate anterior-posterior coordinates in millimeters. 
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behavior was observed in the rats with P implants in the 
mPOA. Implantation of 58 38 pregnanolone into the VMH 
(group 6) induced lordosis behavior in most Ss. However, 
this behavior was much weaker and inconsistent than that 
displayed following implants of 58 38 pregnanolone in the 
mPOA. P unilateral implantation in the VMH region failed to 
stimulate significant lordosis or proceptive behavior (group 
4). 

Figures 1 and 2 show the representative cannulae place- 
ments containing either cholesterol or the pregnanes tested. 
Histological examination of the sites of implantation on 58 
38 pregnanolone showed that all effective cannulae were 
placed in the mPOA or slightly rostral to this area (medial 
septal nucleus, diagonal band of Broca). P implants resulting 
in lordosis were also located within this same area (medial 
preoptic area, diagonal band of Broca). On the other hand, as 
shown in Fig. 1 most cannulae containing P or 58 38 preg- 
nanolone that were aimed to the VMH nucleus were located 
slightly dorsal to this nucleus. However, even implants of P 
accurately placed in the ventrolateral part of the VMH failed 
to stimulate vigorous lordosis. 


DISCUSSION 


The present findings show that 58 38 pregnanolone, a P 
metabolite, consistently elicited lordosis in estrogen primed 
rats when unilaterally implanted into the mPOA. A weaker 
response was obtained when it was implanted in or in the 
vicinity of the VMH. Since by the procedure used in this 
study relatively large amounts of steroid are delivered to the 
selected region it is possible that the responses observed in 
some of our VMH implanted rats were due to diffusion to 
more rostral areas, i.e., the mPOA. None of the other ring A 
reduced pregnanes tested elicited lordosis in this study. 

On the other hand P facilitated weaker lordosis behavior 
in most rats when implanted into the mPOA. Practically no 
response was found following implants of P in the VMH. 
This finding, however, agrees with previous results also 
using unilateral implants of this pregnane [12,21]. Since there 
is evidence that P stimulates lordosis when bilaterally im- 
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planted into the VMH of estrogen primed rats [18,22] it ap- 
pears that as suggested by Rubin and Barfield [22] ‘‘the 
facilitation of estrous behavior by P stimulation of the VMH 
may require complete bilateral stimulation of the region, as 
occurs naturally.” 

Several types of data point to the mPOA and the 
neighbouring septum as a region exerting a tonic inhibitory 
effect on the expression of lordosis [17]. Thus, lesions in this 
region (mPOA, septum) facilitate lordosis in rodents [11, 15, 
16, 19, 25, 27] while its electrical stimulation inhibits this 
behavior [13]. Pregnanes reduced in the 58 position are 
known to exert powerful stabilizing actions in membranes 
[6,23], this effect resulting in a drastic decrease in neuronal 
excitability [10]. Therefore, it would be logical to think that 
the mPOA implants of 58 38 pregnanolone facilitated lordosis 
by inducing membrane stabilization and depressing the ac- 
tivity of inhibitory neurons located in this area. The fact that 
epipregnanolone (58 3a pregnanolone) the most potent preg- 
nane to produce the membrane stabilization [10,23] failed to 
stimulate lordosis is difficult to reconcile with such an inter- 
pretation. It is, however, possible that this extremely potent 
stabilizing pregnane also inhibited the activity of neurons 
facilitatory for lordosis by diffusing to neighbouring hypotha- 
lamic structures. 

Other cellular mechanisms can be contemplated to be in- 
volved in the facilitation of lordosis by a 58 pregnane. Thus, 
58, 38 pregnanolone may modulate neuronal activity by 
binding to either intracellular receptors or to receptors lo- 
cated in the membrane linked to second messenger systems 
such as cyclic nucleotides or Ca**. Such membrane recep- 
tors for pregnanes (P and corticoids) have been recently de- 
scribed in the hypothalamus of the rat [26]. However, little is 
known about the cellular effects of 58, 38 pregnanolone, 


other than its relatively weak membrane stabilizing action. 

In conclusion, the present results show that 58, 38, preg- 
nanolone, a metabolite or P can facilitate intense lordosis 
when locally applied to the mPOA of estrogen primed rats. 
This finding raises the possibility that some P actions are 
mediated through such 58 reduced metabolites. However, 
further work is required to validate this idea. 
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BECKWITH, B. E., T. V. PETROS, C. SCAGLIONE AND J. NELSON. Dose-dependent effects of hydrocortisone on 
memory in human males. PHYSIOL BEHAV 36(2) 283-286, 1986.—Eighty male undergraduates were administered either 
glucose or 5, 10, 20, or 40 mg of hydrocortisone in a double-blind procedure. After 60 min they were asked to listen to eight 
12 word lists and then asked to recall the words. In addition to the expected effects of rate of presentation, serial position, 
and practice there was a significant interaction between dose of hydrocortisone and practice. Early recall was facilitated by 
all doses used whereas later recall was facilitated by treatment with 40 mg and impaired by treatment with 5 mg. These 
findings are discussed in the context of the effects of pituitary adrenocortical hormones and memory function. 


Cortisol 


Endocrine Glucocorticoids 


Hormones 


Hydrocortisone Memory Steroids 





CORTISOL is the principal glucocorticoid hormone secreted 
by the human adrenocortex. It is a steroid hormone which 
accelerates carbohydrate metabolism, protein wasting, and 
anti-inflammatory activity in addition to inhibiting the re- 
lease of adrenocorticotropic hormone (ACTH) and suppres- 
sing the immune system [17]. Glucocorticoids also influence 
the renal, cardiovascular, and central nervous systems 
[17,24]. Based upon such pervasive actions it comes as no 
surprise that glucocorticoids are also influential in the con- 
trol of behavior [3,6]. Many behavioral actions of glucocor- 
ticoids are believed to be mediated by means of their altera- 
tion of hippocampal function [6,18]. This, in turn, suggests 
that glucocorticoids may be influential in the processes of 
learning and memory. Indeed, many animal studies have 
provided evidence that glucocorticoids do regulate learning 
and memory [6]. 

Early attempts to explore the effects of glucocorticoids 
upon learning indicated that they facilitated the extinction of 
avoidance responses [4,25]. This led to the suggestion that 
treatment with glucocorticoids impairs memory. However, 
several subsequent studies indicated that treatment with 
glucocorticoids blocked the amnestic effects of inhibitors of 
protein synthesis [2, 20, 21, 22]. These findings suggest a 
memory enhancing effect for glucocorticoid hormones. 
Kovacs, Telegdy and Lissak [15] helped resolve this conflict 
when they demonstrated that low doses of corticosterone 
facilitated extinction and high doses of corticosterone delay 
extinction. Therefore it appears that the antiamnestic and 
memory enhancing effects of glucocorticoids are restricted 
to high doses of these hormones. More recent results have 
replicated that memory enhancement of glucocorticoids on 
avoidance [10] and appetitive behaviors [19]. 

Very few studies have assessed the actions of glucocor- 
ticoid hormones on human performance. The most extensive 
work has been undertaken by Henkin [12,13] who examined 
the effects of cortisol on perception of patients with 
Addison’s and Cushing’s diseases. He found that reduction 


of endogenous levels of cortisol lowers the threshold of sen- 
sory detection whereas increasing the endogenous level of 
cortisol raises the threshold of sensory detection. Also, he 
demonstrated that diurnal alterations of gustatory sensitivity 
were inversely correlated with urinary changes in glucocor- 
ticoid metabolite concentration. Beckwith, Lerud, Antes 
and Reynolds [3] have demonstrated that administration of 
exogenous hydrocortisone reduced auditory sensitivity for 
high frequency tones in normal male subjects. Finally, 
Kopell, Wittner, Lunde, Warricks and Edwards [14] showed 
that cortisol diminished the amplitude of visual evoked po- 
tentials to flashes of light and induced an overestimation of 
time. Taken together these results do suggest that cortisol 
exercises some control over information processing in hu- 
mans. 

The purpose of the present experiment was to explore the 
actions of hydrocortisone on memory performance of young, 
healthy male subjects. Subjects were given the task of 
memorizing word lists and later tested for their ability to 
recall the items. When young adults are asked to recall a list 
of words in any order they choose, words presented at the 
beginning and end of the list are recalled more frequently 
than items from the middle of the list, producing the primacy 
and recency effects respectively. This pattern of recall is 
referred to as the serial position effect. The observation that 
some factors have an effect on only the primacy or recency 
portion of the serial position curve has been used to support 
the functional dissociation between short-term and long-term 
memory [11]. The primacy effect is usually attributed to 
more rehearsal of the initial items of the list while the re- 
cency effect is assumed to be due to quick recall of items still 
in short-term memory (i.e., items from the end of the list). 
One purpose of the present study was to examine the influ- 
ence of cortisol on the shape of the serial position curve, thus 
examining whether cortisol selectively influences recall from 
long-term or short-term memory. 

If cortisol influences the efficiency of memory perform- 





TABLE 1 


ANOVA FOR DOSE (D) x PRACTICE (PR) x RATE (R) x SERIAL 
POSITION (SP) 





Source df MS F 





Dose 
Error 


Practice 
D x PR 
Error 


Rate 
DxR 
Error 


0.237 1.055 
0.224 = 


0.461 13.143 
0.077 2.188 
0.035 — 


5.366 102.282 
0.043 0.827 
0.052 _ 


16.781 144.44] 
0.016 0.142 
0.116 —_ 


0.089 2.460 
0.022 
0.036 


0.331 
0.061 
0.064 


2.842 
0.081 
0.068 


0.009 
0.028 
0.070 


Serial Position 
Dose x SP 
Error 


PR xR 


Dx PRxR 
Error 


PR x SP 
D x PR x SP 
Error 


R x SP 


D x R x SP 
Error 


PR x R x SP 
D x PR x R x SP 
Error 





ance, then any factor that influences the processing of a 
word list should modulate the extent of any cortisol differ- 
ences observed. Rate of presentation influences the effi- 
ciency of processing a word list with faster rates selectively 
impairing recall from the primacy but not the recency portion 
of the serial position curve [7]. Therefore subjects in the 
present study heard word lists presented at two different 
rates to examine the possibility that the effects of cortisol 
will vary as a function of rate of presentation. During a pre- 
liminary experiment, subjects were given 20 mg of 
hydrocortisone in order to explore the actions of a dose we 
have previously found to be effective in altering auditory 
thresholds in our laboratory [3]. Although the group receiv- 
ing hydrocortisone recalled proportionally more words 
(M=0.392) than the group receiving the placebo (M=0.360), 
no significant effects involving the hormone approached 
conventional levels of significance. However, the standard 
effects of rate, verbal ability, practice, and serial position 
were all observed. The absence of effects of hydrocortisone 
may have been due to either the fact that the hormone had no 
influence on memory in this paradigm or this result may have 
been due to the ineffectiveness of the dose chosen. Conclud- 
ing that cortisol has no effect on memory may be premature 
in light of Kovacs, Telegdy and Lissak’s [15] finding that 
glucocorticoids have different effects on memory in in- 
frahuman species at different doses. Therefore, the present 
study was designed to include a wider range of doses of 
hydrocortisone to explore the generality of the null results of 
the preliminary study. Additionally, more word lists were 
‘used to more rigorously examine potential interactions 
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between treatment with hydrocortisone and level of practice 
with the memory task. 


METHOD 
Subjects 


Eighty volunteer male undergraduate psychology stu- 
dents at the University of North Dakota participated in this 
study. Subjects were selected according to the same criteria 
used in Experiment 1. Subjects provided informed, written 
consent and were able to withdraw from the experiment at 
any time they wished. Subjects were given class credit for 
participation in this study. 


Materials 


The stimulus materials consisted of twelve, concrete, 
high frequency nouns (words of 40 occurrences per million 
words). These words were chosen from the Kuchera and 
Francis Word Frequency Norms [16] such that the lists were 
matched for frequency and number of syllables. The mean 
frequency for each word list ranged from 144.83 to 138.92. 
The number of syllables per word ranged from one to three 
syllables, whereas the mean number of syllables per word 
list ranged from 1.60 to 1.42. 

Each of the nine word lists, one practice list and eight test 
lists, was recorded on a cassette tape at two different rates: 
One word per second (fast rate) and one word per three 
seconds (slow rate). 


Procedure 


Each subject was given a coded capsule which contained 
either 40, 20, 10, or 5 mg of hydrocortisone mixed with glu- 
cose or a capsule with glucose alone and asked to ingest it 
along with a cup of water. Then the subject was given the 
vocabulary subtest of the Wechsler Adult Intelligence Scale 
[26] to equate groups on verbal ability. The subject was then 
taken to a quiet room where he was provided with materials 
to read (magazines) or allowed to study for an hour to allow 
the capsule to be absorbed. 

At the end of an hour subjects were taken to another room 
where a second experimenter, who was also blind of treat- 
ment conditions, conducted the memory testing. The sub- 
jects heard one list at a time followed immediately by an oral 
recall test. The first list was a practice list, while the follow- 
ing eight lists were test lists. Each successive two lists were 
defined as one level of practice giving four levels of practice. 
The 8 test lists were presented in such a manner that for half 
of the subjects the presentation order commenced with list 2 
whereas for the other half of the subjects the presentation 
order commenced with list 6. Furthermore, the order of the 


‘ presentation of the word lists was structured so that for each 


successive two lists one fast and one slow rate were pre- 
sented. The rates were counterbalanced between subjects so 
that for half of the subjects the sequence began with the slow 
rate and for the other half of the subjects the sequence began 
with the fast rate. 


RESULTS 


A one-way ANOVA was conducted separately for the 
WAIS raw and scaled scores to determine if there were any 
differences among groups. Both analyses indicated that the 
groups were equivalent in verbal ability, F(4,75)= 1.095 and 
F(4,75)=1.11 for raw and scaled scores respectively. This 
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TABLE 2 


MEAN PROPORTIONAL RECALL FOR DOSES OF HYDROCORTISONE AT VARYING LEVELS OF PRACTICE WITH 
RATE AND SERIAL POSITION COMBINED 





Level of 
Practice 


Dose (mg) 


10 20 40 





one 
two 
three 
four 


0.461 (0.236)* 
0.544 (0.282) 
0.560 (0.238) 
0.594 (0.275) 


0.521 (0.239) 
0.555 (0.289) 
0.536 (0.268) 
0.508 (0.290) 


0.536 (0.236) 
0.589 (0.276) 
0.523 (0.250) 
0.576 (0.246) 


0.508 (0.271) 
0.594 (0.246) 
0.568 (0.246) 
0.625 (0.259) 


0.555 (0.239) 
0.596 (0.323) 
0.583 (0.257) 
0.630 (0.255) 





*Standard deviation is in parentheses. 


indicated that any posttreatment group differences could not 
be accounted for by differences in verbal ability. 

The proportion of words recalled for the primacy (first 
four words), middle (middle four words), and recency (last 
four words) portions of lists were computed and subjected to 
a 5 (dose) by 4 (practice) by 2 (rate) by 3 (position) mixed 
ANOVA (Table 1). All significant effects were observed with 
a p<0.05 and subsequent comparisons were done by means 
of Fisher’s LSD procedure with alpha=0.05. 

Although there was no main effect of treatment with cor- 
tisol, there was a significant dose by practice interaction, 
F(12,225)=2.19 (Table 2). Recall was equivalent under the 
40, 10, and 5 mg doses and greater than recall under treat- 
ment with either 20 mg or the placebo at the first level of 
practice. There was no effect of treatment at the second level 
of practice but recall was facilitated by the 40 mg dose at the 
third level of practice and inhibited by the 5 mg dose at the 
fourth level of practice. In general, this interaction suggests 
that cortisol, at all dose levels used here, facilitates recall 
early in practice whereas treatment with cortisol later in 
practice facilitated recall when the highest doses (40 mg) 
were used but hinders recall when the lowest doses (5 mg) 
were used. 

A significant main effect of rate, F(1,75)=102.28, indi- 
cated that recall was better when words were presented at 
the slow rate (M=0.611) when compared to the fast rate 
(M=0.505). A significant main effect of serial position, 
F(2,150)= 144.44, indicated that recall from the recency por- 
tion (M=0.721) of the curve was greater than recall of the 
primacy portion (M=0.556) which was greater than recall of 
the middle portion (M=0.397). Finally, a significant main 
effect of practice, F(3,225)=13.14, indicated that recall im- 
proved across levels of practice except level two when com- 
pared with level three: means=0.516, 0.576, 0.554 and 0.586 
respectively. 

Significant interactions of rate by position, 
F(2,150)=42.06, and practice by position, F(6,450)=5.14, 
were also observed. The rate by position interaction indi- 
cated significant rate effects at the primacy, middle, and re- 
cency portions of the serial position curve; however, rate 
had a much greater effect at the primacy (43.6%) and middle 
(52.3%) when compared to the recency (6.7%) portion of the 
curve. The practice by position interaction indicated that 
significant practice effects were found only for recall from 
the middle portion of the list. 


DISCUSSION 
The results of the present study suggest that the effects 


of hydrocortisone on human memory performance depends 
upon the dose of the hormone administered and the amount 
of practice given on the memory task. More specifically, all 
doses, 5, 10, 20, and 40 mg, facilitated recall of words during 
the first presentation of lists. However, only highest dose of 
hydrocortisone (40 mg) continued to enhance recall as sub- 
jects were presented with more lists of words, the lowest 
dose (5 mg) retarded performance with increased exposure 
to lists of words. 

One main intent of the present study was to determine 
whether cortisol influences specific components of memoric 
processing or whether it has nonspecific effects on perform- 
ance. Although the results demonstrate the expected effects 
of rate, serial position, and practice, treatment with 
hydrocortisone interacted only with the latter variable. The 
failure of hydrocortisone to interact with either serial posi- 
tion or rate of presentation suggests that cortisol does not 
influence subjects’ encoding strategies or the efficiency with 
which they rehearsed the items in short-term memory [7]. 
The dose by practice interaction is similar to that found in 
the infrahuman studies examining avoidance learning. 
Glucocorticoids have been found to retard extinction at high 
doses and to facilitate extinction at low doses [5,23]. This has 
been interpreted by some [6] as evidence that glucocorticoid 
hormones have a dose dependent influence on memory such 
that high doses facilitate and low doses retard memory per- 
formance. These effects of glucocorticoid hormones on be- 
havior have been given either of two explanations: Motiva- 
tional/arousal [8,9] or specific enhancement of CNS memory 
function [10]. According to the latter explanation glucocor- 
ticoids enhance memory by increasing the duration of short- 
term memory traces. The results of the present study favor 
the former explanation due to the lack of either the rate or 
serial position effects with treatment. If hydrocortisone in- 
creased the duration of the short-term trace then one would 
expect that one of these interactions would have been evi- 
dent. The interaction of treatment with practice may reflect 
motivational/arousal changes as at least a contributory factor 
in the current finding. 

A further issue that enters into an understanding of how 
glucocorticoids influence behavior revolves around their in- 
teractions with adrenocorticotropic hormone (ACTH). Many 
of the same behaviors are influenced by ACTH and vaso- 
pressin, each of which alters and in turn is altered by levels 
of glucocorticoids [1]. The potential independent and/or ad- 
ditive/synergetic actions of these hormones as they modulate 
memory remains to be elaborated. There is already ample 
evidence that glucocorticoids modulate perceptual 
thresholds [3, 12, 13] and the present results suggest that 
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they may also modulate memory. Future studies need to 
address specific behavioral processes influenced by these 


hormones as well as the mechanism by which they influence 
behaviors. 
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HURWITZ, B. E. AND J. J. FUREDY. The human dive reflex: An experimental, topographical and physiological 
analysis. PHYSIOL BEHAV 36(2) 287-294, 1986.—This study examined the eliciting conditions, response topography and 
autonomic nervous system (ANS) control of the dive reflex as evoked in humans. Twenty-four subjects received eight trials 
in each of the three treatment conditions: breath holding without face immersion (BH); face immersion without breath 
holding (FI); and the ‘‘full dive’ FIBH condition. It was the combination of both FI and BH in 23+0.5°C water that was 
necessary to elicit the dive reflex. A precise topographical analysis differentiated the FIBH condition from the FI and BH 
control conditions in terms of the emergence of a secondary component initiated approximately 12 seconds after trial onset. 
During this secondary component, augmentation of bradycardic (mean=16.3 bpm) and digital vasoconstrictive 
(mean=—24.9%) responses were maintained throughout the duration of the 40-second dive. A joint consideration of the 
heart rate and the T-wave amplitude measures as indices of the action of both branches of the ANS suggested that the dive 
reflex involves concurrent sympathetic and parasympathetic activation. A potential conditioning application of the dive 


reflex for countering paroxysmal supraventricular tachycardia was discussed. 


Human dive reflex Diving reflex 
Autonomic nervous system 


Heart rate 
Breath holding 


Digital vasomotor response 
Face immersion 


T-wave amplitude 
Paroxysmal supraventricular tachycardia 





THE dive reflex, defined as bradycardia elicited by submerg- 
ing the head under water, occurs in dramatic form in diving 
vertebrates. The bradycardia of the diving seal, for example, 
proceeds from the basal heart rate (HR) of 100 beats per 
minute (bpm) and slows immediately after submersion to 
about 10 bpm, which is maintained for the duration of a 
twenty-minute underwater dive [16]. The bradycardic re- 
sponse of the dive reflex is also accompanied by such physi- 
ologically adaptive changes as the redistribution of blood 
flow with diminished flow to the periphery and maintained 
flow to the brain and other essential central organs. The 
response parameters and nervous mechanisms have been ex- 
tensively studied in marine animals and more recently some 
evidence of the dive reflex has also been reported in nondiv- 
ing terrestrial animals [1]. 

Similar cardiovascular responses elicited by face immer- 
sion have been observed in humans (e.g., [3,5]), but infor- 
mation is lacking on such questions as: (a) the eliciting con- 
ditions of the dive reflex; (b) the precise topography of the 
bradycardic response; (c) the evidence for restriction of 
blood flow to peripheral sites less sensitive to anaerobic 
conditions; and (d) the roles of the two branches of the au- 
tonomic nervous system (ANS), i.e., the extent and direc- 





tion of the sympathetic (SNS) and parasympathetic (PNS) 
influences. To answer these questions the present study was 
designed, respectively, to: (a) bring the dive onset under 
experimental control and systematically vary the potentially 
relevant conditions for the dive reflex; (b) measure HR on a 
second-by-second basis and average a sufficiently large 
number of homogeneous trials to permit trends to emerge; 
(c) seek peripheral vasoconstrictive evidence by recording of 
digital vasomotor changes; and (d) measure sympathetic ac- 
tivity separately by recording of the electrocardiographic 
T-wave index. 


METHOD 
Subjects 


The subjects were comprised of 16 males and eight 
females ranging from 18 to 33 years (mean=20.2) without 
any previous scuba diving experience, self-reportedly free of 
any cardiopathic history, and not taking any prescription 
drugs. 


Apparatus 
A 210x90 cm plywood table with a 7.5-cm thick foam 
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FIG. 1. The above three panels display a prone subject in each of the 
three conditions (BH, FI, FIBH) with mouth around the snorkel 
mouthpiece of the head apparatus. In the top panel the subject is 
shown in the BH condition suspended above the water. A black 
glove on the left hand prevents light from affecting the plethysmo- 
graph on the index finger. The experimenter (BEH) can be seen 
beside the physiographs with hand positioned on the lever of the 
counterbalanced-pulley system. The middle panel displays the sub- 
ject in the FI condition while breathing through a snorkel (lower 
arrow). The E & M bellows pneumograph can be seen around the 
lower rib cage (upper arrow). The bottom panel shows the subject in 
the ‘‘full dive’’ FIBH condition with face immersed up to, but not 
including, the ears. 


rubber covering had a hole cut near one end where a plastic 
circular tub (40 cm diameter) could be inserted or removed. 
The ‘‘dive’’ comprised immersing the prone subject’s face 
into the water (23+0.5°C) in the tub. Precise experimental 
control over the time of the face immersion was accom- 
plished by a head apparatus which worked on a counterbal- 
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anced pulley system. The subject put his mouth around a 
rubber mouthpiece (from a snorkel) on a 40x18 cm 
rectangular frame suspended from the ceiling by a rope. The 
rope extended from a pulley at the ceiling to a manual lever 
attached in such a way that moving the lever forward to the 
‘*lock’’ position caused the head apparatus to be lowered 
10 cm, which was the approximate distance required to im- 
merse the subject’s face up to, but not beyond, the ears. A 
500-msec, 1500-Hz, 75-dB tone signalled trial onset and a 
500-msec, 220-Hz, 75-dB tone signalled the end of the trial. 
The termination of the ‘‘dive’’ was automatically arranged 
for 40 seconds following the onset of face immersion by a 
combined arrangement of a solenoid (which released the 
locked lever) and a 4-kg can of sand attached to the lever to 
pull the head apparatus up from the water. It bears emphasis 
that this method of controlled immersion could at all times be 
terminated by the subject (who could lift his head out at any 
time), but given the subject’s willingness to follow instruc- 
tions and let the apparatus move his head, the onset, mag- 
nitude and offset were all under precise experimental control 
(Fig. 1). 

To measure HR as well as the T-wave amplitude (TWA) 
index, the electrocardiogram was recorded from the body 
surface by silver/silver chloride electrodes containing EKG 
electrolytic paste and fastened securely by adhesive tape. 
The two recording electrodes were placed, respectively, 
over the spinal column between the shoulder blades directly 
opposite the base of the sternum and on the left side of the 
rib cage distal to chest lead V,; the grounding electrode was 
placed on the side opposite to the latter recording electrode. 
The resultant electrophysiological signal was transmitted to 
yield HR through a Narco Biosystems Biotachometer 
(Model BT-1200), converted on a beat-by-beat basis to bpm 
units. To obtain a concurrent TWA index, the signal was also 
transmitted through a high-gain preamplifier (E & M), which 
was adjusted to produce TWAs of approximately 10 mm, and 
calibrated in 4 V units. To obtain the peripheral vasomotor 
response (VMR), a photoelectric transducer from the tip of 
the subject’s left-hand index finger transmitted an AC 
coupled recording to yield a beat-by-beat index of digital 
pulse volume. Finally, respiration was monitored by an E & M 
bellows pneumograph placed around the subject’s lower 
ribcage. EKG, HR, VMR and respiration were recorded on a 
Narco Biosystems physiograph (model DMP-4B) and a 
Brush recorder. 


Experimental Manipulations and Design 


The present experiment compared two control 
conditions—breath holding without face immersion (BH) 
and face immersion without breath holding by having the 
subject breathe through a snorkel (FI)—with the experi- 
mental ‘‘full dive’? FIBH condition. To increase precision 
and control for individual differences, this three-level Con- 
ditions factor was varied within subjects in a Latin-squares 
design to control for order of the three conditions. Each 
condition consisted of eight 40-second trials, yielding a 3x8 
condition-by-trials within-subject design. 


Procedure 


For the FIBH (‘‘full dive’’) trials the subject was told to 
inhale deeply when he heard the ‘“‘high’’ tone; face immer- 
sion while breath holding followed two seconds later and was 
terminated 40 seconds after high tone onset. For the BH 
trials there was no face immersion but the subject was told to 





HUMAN DIVE REFLEX 


A. 
EVENT 





RESP 


70 
HEART 
RATE 6° 


(BPM) ed 


40 




















ia 























Ll Ato 


FIG. 2. Displayed is the polygraphic tracing of the dive reflex of subject No. 3, during apneic face- 
immersion (FIBH) trial No. 8. In panel A the recordings of respiration, HR and VMR is shown for the 
15 seconds preceding and post the 40-second FIBH trial. The event marker tracing depicts the onset 
and offset of the trial. Upward deflection of the respiration tracing represents inspiration. Panel B 
displays the electrocardiographic tracing for this same trial but is presented at a faster rate than the 
recordings in the above panel to enhance discrimination of TWA changes. The arrows below this 
tracing denote the onset and offset of the trial. The respective time scales are displayed in each panel. 


inhale deeply within two seconds and hold his breath until 
he heard the ‘‘low’’ tone at the end of the 40-second BH 
interval. For the FI trials the subject was told to inhale 
deeply when he heard the ‘“‘high’’ tone; face immersion fol- 
lowed two seconds later, but the subject was instructed to 
breathe out immediately after the inspiration and to resume 
normal breathing through the snorkel during the FI period 
which terminated 40 seconds after the high tone onset. The 
three sets of eight trials were interrupted by approximately 
three minutes of rest and instructions, while the within- 
condition intertrial intervals varied randomly between 40, 50 
and 60 seconds. 

All breath holds were performed after one maximal inspi- 
ration and no hyperventilation was permitted preceding trial 
onset. The subjects were instructed to avoid Valsalva and 
Miller maneuvers. Previous reports have indicated that sub- 


jects with similar pre-trial inspiration instructions achieved 
an initial lung volume of about 80-90% of vital capacity [27]. 


Data Quantification 


HR was scored to the nearest bpm for all trials, with the 
high-tone, trial initiation point as reference. HR was read on 
a second-by-second basis over the 3-second baseline (second 
—2 to 0 pretrial onset), 40-second trial (second 1 to 40 post- 
trial onset) and 7-second post-trial recovery (second 41 to 45, 
50 and 55 following trial onset). Vasomotor pulse amplitude 
was measured as the number of mm of height from diastole 
to systole. A percentage VMR change score was obtained by 
expressing each pulse amplitude as a percentage of the mean 
amplitude of the baseline seconds —4 and —2. VMR was 
read at 4 and 2 seconds before trial onset, every fourth sec- 
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FIG. 3. Displayed were the mean heart rate (bpm) values plotted 
second-by-second for each condition (FI, BH, FIBH) from two sec- 
onds preceding trial onset (—2 and —1) to the 45th second after trial 
onset. Also seconds 50 and 55 were plotted. 


ond during the trial from tone onset, and 2, 6, and 10 seconds 
after trial termination. TWA was quantified using the mid- 
point of the isoelectric P-Q interval as the estimate of 
baseline voltage level to be compared with the level at the 
peak of each corresponding T-wave [23]. The same temporal 
points as for the VMR were read from the TWA recordings. 

All significant results of the ANOVAs reported for heart 
rate and T-wave amplitude data remained significant when 
the conservative Greenhouse-Geisser approximation of de- 
grees of freedom was used [11]. This adjustment was not 
used for the digital vasomotor results, since only 10 subjects 
were available. Hence conventional numerator degrees of 
freedom were used for these data. In addition, it should be 
noted that analysis of the Order of Conditions factor con- 
trolled by the Latin-squares design produced no significant 
carryover effects of one condition on another. 


RESULTS 


Figure 2 displays a polygraph tracing of the cardiores- 
piratory response during an FIBH dive. Panel A shows that, 
upon face immersion and ensuing apnea, a biphasic HR re- 
sponse can be seen, which was followed by an augmented 
bradycardia that began about 12 seconds into the trial and 
was maintained throughout the duration of the 40-second 
dive. A pronounced decrement in VMR pulse amplitude can 
be seen in the initial 12 seconds followed by continued but 
less attenuation of pulse amplitude. At the end of the trial 
respiration resumed and both HR and VMR rapidly returned 
to pretrial levels. Panel B displays the EKG recording for 
this same FIBH trial. EKG was recorded at a faster paper 
speed to enable clear discrimination of TWA changes. In this 
panel TWA diminished upon initiation of the FIBH dive and 
thereafter gradually recovered toward pretrial amplitude. 


Heart Rate Response Topography 


Figure 3 summarizes the HR response topographies be- 
fore, during and after the 40-second trial as a function of the 
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main variable of interest: conditions. There were no signifi- 
cant baseline differences to emerge across seconds —2, —1 
and 0. The trial began with an inspiration-induced HR accel- 
eration over Seconds, F(3,66)=69.91, p<0.001. The mag- 
nitude of acceleration was unaffected by condition and 
maximized 3 seconds after onset, with a mean value from 
base level of 8.5 bpm. 

The onset of the apneic period produced an initial decel- 
eration, which reached a minimum at about 7-8 seconds 
post-trial onset. The analysis of the minimum HR on each 
trial for each subject during seconds 6-10 (locus of full de- 
velopment of initial deceleration) yielded only an effect of 
Seconds, F(1,22)=115.39, p><0.001, indicating that there was 
a significant deceleration below baseline. Hence up to this 
point of its topography, the form of the HR response remains 
unaffected by whether there was a ‘full dive’’ (FIBH) or one 
of the other two control conditions involving no FI or no BH. 

The three conditions depicted in Fig. 3 were differentiated 
following the initial deceleration in terms of the secondary 
deceleration, the onset of which was about 12 seconds after 
trial onset. The analysis of the secondary deceleration from 
seconds 12 to 40 yielded a significant interaction between 
Conditions and Seconds, F(56,1232)=8.18, ><0.001. This in- 
teraction arose from greater and more prolonged decelera- 
tion in the experimental FIBH condition than the other two 
control conditions (i.e., Fl and BH), with respective overall 
mean bpm values from base level of — 10.4, —4.6 and —2.8. 

These results were derived from a subanalysis, which 
consisted first of assessing whether there was an interaction 
between Conditions and Seconds in an ANOVA using only 
the two control conditions. There was no significant interac- 
tion but a significant Conditions effect, F(1,22)=4.84, 
p<0.05, emerged, indicating that HR decelerated more in the 
FI condition during seconds 12 to 40 than in the BH condi- 
tion. Whereas, a significant decreasing quadratic trend over 
Seconds, F(1,22)=39.95, p<0.001, was found when only the 
FIBH condition was analysed. Therefore, while there was no 
change in the magnitude of bradycardia in the control condi- 
tions, there was an increase in bradycardia in the full-dive 
FIBH condition from the twelfth second post-trial onset to 
the end of the trial. 


Peripheral Vasculature: Digital Vasomotor Results 


Figure 4 displays the VMR levels for each condition be- 
fore, during and after the 40-second trial. It will be noted 
that, whereas all three conditions showed an initial VMR 
pulse amplitude attenuation (indicating peripheral vaso- 
constriction) decreasing to about 73.3% of base level 12 
seconds into the trial, the full dive FIBH condition main- 
tained a VMR attenuation until the end of the 40-second trial. 
The two control conditions’ VMR-pulse amplitude, how- 
ever, exhibited recovery from the twelfth trial second to 
about 90% of base level by the end of the trial. 

The initial overall ANOVA from trial seconds 0 to 40 
yielded a significant interaction between Conditions and 
Seconds, F(20,60)=1.82, p<0.05. The subanalysis of this in- 
teraction separated the data into early and late sections of 
the Seconds factor. The early-section ANOVA used trial 
seconds 0 to 12 as the period of initial vasoconstriction. This 
ANOVA jyielded only a significant Seconds effect, 
F(3,24)=18.40, p<0.001, which indicated that regardless of 
condition there was an initial VMR-pulse amplitude decrease 
(i.e., peripheral vasoconstriction) from baseline level at trial 
onset to the twelfth trial second. 
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FIG. 4. The mean percent of the base level (base is the mean of 
pretrial seconds —4 and —2) of the digital vasomotor response were 
plotted at the seconds listed on the abscissa. 





A late-section ANOVA was then performed using trial 
seconds 12 through 40, representing the period of recovery of 
VMR pulse amplitude. In contrast to the early-section 
ANOVA, this analysis did yield a significant interaction be- 
tween Conditions and Seconds, F(14,112)=1.86, p<0.05, 
which was due to different recovery rates between the full 
dive and the other two contro! conditions. This was con- 
firmed by a late-section ANOVA, which used only the two 
control levels of the Conditions factor (i.e., Fl and BH) and 
yielded only a Seconds effect, F(7,56)=14.71, p<0.001. 
Therefore, the conditions were differentiated by the vaso- 
motor trends from seconds 12 to 40, which showed that, as 
in the case of the HR results, face immersion in combination 
with breath holding was necessary in producing the periph- 
eral vasoconstriction as indexed by the vasomotor pulse 
amplitude attenuation. 


Sympathetic Activity: T-Wave Results 


The TWA trends in Fig. 5 show that both of the condi- 
tions involving breath holding produced an attenuation. This 
TWA attenuation seemed phasic in that there was some re- 
covery during the latter half of the trial. Moreover, it appears 
that it is breath holding per se rather than its combination 
with face immersion that is critical in producing the TWA 
changes (in contrast with the unique effects on HR of the 
FIBH condition), since the BH TWA function recovers more 
slowly than the FIBH TWA function. 

An analysis of baseline seconds —4, —2 and 0 produced 
no significant TWA differences. An overall analysis of TWA 
differences from base level from trial seconds 0 to 40 re- 
vealed a significant interaction between Conditions and Sec- 
onds, F(20,400)=7.98, p<0.001. The subanalysis of this in- 
teraction first assessed whether there was a Seconds effect 
under the FI condition alone; there was not, F(10,200)=1.91, 
indicating that in the absence of breath holding FI alone had 
no effect on TWA. An ANOVA was then performed on the 
two breath-hold conditions and a signficant interaction 
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FIG. 5. Displayed were the mean T-wave amplitude (uV) values 


plotted for each condition (FI, BH, FIBH) at the seconds listed on 
the abscissa. 





emerged between Condition and Seconds, F(10,200)=5.50, 
p<0.001. 

Subanalysis of this interaction consisted of performing an 
ANOVA on the initial TWA attenvation during seconds 0 to 
12 after trial onset for both BH and FIBH conditions. A 
significant Conditions and Seconds interaction, 
F(3,60)=6.50, p<0.01, was found. Therefore, from the onset 
of the apneic period to the twelfth second of the trial, the two 
breath-hold conditions exhibited TWA attenuation, which 
was greater in the FIBH condition than in the BH condition 
and which was absent in the FI (no breath-hold) condition. 
An ANOVA of both BH and FIBH conditions was performed 
to assess the apparent recovery of TWA during seconds 12 to 
40 of the latter half of the trial. A significant interaction 
between Conditions and Seconds, F(7,140)=8.11, p<0.001, 
indicated that there was faster TWA recovery in the FIBH 
condition than in the BH condition. 


DISCUSSION 


The first of the questions raised in the introduction con- 
cerned the eliciting conditions of the dive reflex. The results 
showed that the initial biphaisc acceleration-deceleration HR 
response could be produced without face immersion or with- 
out breath holding. The importance of the combination of 
these two components of the ‘full dive’’ emerged only in the 
latter part of the trial. The topographical second-by-second 
HR analysis showed differentiation between the experi- 
mental and control conditions in terms of: (a) augmented 
bradycardia with respect to the lowest point reached during 
the trial; (b) no tendency to return toward baseline during the 
dive (i.e., maintained bradycardia); and (c) emergence of a 
secondary deceleratory component initiated approximately 
12 seconds after trial onset (and hence about 10 seconds after 
apnea). 

These findings are in agreement with most previous 
studies, which have observed that the bradycardia induced 
by FIBH has been greater than that induced by BH alone 
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(e.g., [7, 17, 25, 29, 31]). However, there are other studies, 
which reported that the HR response to BH was the same as 
the response to FIBH (e.g., [3, 26, 27]) or which found no 
difference between FI and FIBH (e.g., [3, 7, 31]). These 
latter studies have generally failed to provide precise exper- 
imental control over such independent variables as the time 
of onset and manner of face immersion, the duration of the 
trial period and the pre-dive breathing procedure. Perhaps 
because of the relative absence of controlled studies, inves- 
tigators have continued to stress the apneic component of 
the dive as the major determinant of the cardiovascular 
changes of the dive reflex [3, 4, 27]. 

The answers to the second question, which dealt with the 
precise topography of the bradycardic response, are limited, 
of course, to the present mode of eliciting the dive reflex, 
which included instructions to inhale deeply before trial on- 
set. It was probably these instructions which produced the 
initial HR acceleration. The deceleration that immediately 
followed this acceleration can be termed bradycardic, since 
HR went below the base level. Up to this point, however, it 
is questionable whether any of this topographical informa- 
tion can properly be said to relate to the dive reflex itself, 
because the experimental condition was not differentiated 
from the control conditions in the topography of the initial 
biphasic HR response. The differentiating point occurred at 
the beginning of the secondary deceleration, which was 
unique to the FIBH condition. The bradycardia of the secon- 
dary deceleration was maintained throughout the trial, reach- 
ing a maximum of about 16.3 bpm. This temporal HR pattern 
could be discriminated because the onset and duration of the 
dive were precisely controlled relative to pretrial respiration; 
moreover, rather than simply averaging across many sec- 
onds and reporting changes in absolute magnitudes, the more 
fine-grained second-by-second analysis used herein permitted 
the response topography to emerge. 

On the third question concerned with obtaining evidence 
of a restriction of blood flow to the periphery, the present 
results show that the full-dive FIBH condition resulted in 
prolonged digital vasoconstriction reflecting a certain 
amount of selective restriction of peripheral circulation to a 
considerable portion of tissues. If only a cruder analysis had 
been performed, which compared, for example, pretrial vaso- 
motor levels with that up to 12 seconds into the trial, the 
three conditions would have been completely undiffer- 
entiated, being all judged to produce vasoconstriction. How- 
ever, as in the HR response, the effect of the combination of 
FI and BH in inducing the sustained peripheral vasoconstric- 
tion was apparent only in the latter portion of the dive. 

The last question concerned the role of ANS activity in 
the dive reflex. Since HR is a measure of supraventricular 
activity it constitutes a ‘‘mixed’’ index because it is im- 
possible to determine the relative influence of the two 
branches of the ANS which contribute to it. Because PNS 
influences predominate over the dynamic control of HR at 
the SA node (cf. [19]), the presence of antagonistic PNS and 
SNS activation is likely to go undetected if only a single 
mixed HR measure is employed. Consequently, measures of 
ventricular contractility have been developed to index SNS 
neurogenic input to the heart [18]. The present study fol- 
lowed earlier work from our laboratory [9,15] and other lab- 
oratories [12,23], which have demonstrated the consistent 
relationship that electrocardiographic TWA, respectively, 
becomes attenuated and augmented with increases and de- 
creases in myocardial SNS activity. For a review of some 
criticisms of TWA as a noninvasive index of SNS activity 
see Furedy and Heslegrave [10]. 
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The T-wave is a direct measure of ventricular repolariza- 
tion and some studies have manipulated cardiac sympathetic 
nerve impulses directly either by electrical stimulation or 
ganglionectomy and have shown SNS stimulation can result 
in TWA attenuation or even inversion (e.g., [28, 30, 32]). 
Others meanwhile, have found that vagal stimulation 
produces only minimal and inconsistent changes in TWA 
[30]. Furthermore, chemical blockade studies have shown 
that the functional attenuation of TWA can be reversed by 
beta-SNS blockade [8,24]. The mechanism that appears to be 
responsible for TWA attenuation in the presence of in- 
creased SNS activity is the asynchronous shortening of the 
refractory periods in various areas of the myocardium [14]. 
Specifically, since the spread of repolarization is from the 
ventricular epicardium to the endocardium, (which is oppo- 
site to the depolarization sequence) the reduction in the 
longer endocardial refractory periods has been suggested as 
the mechanism underlying T-wave attenuation in response to 
SNS stimulation [2]. The ultimate effect of such stimulation 
is to increase the rate of repolarization of individual seg- 
ments within the ventricles, which is observed in the electro- 
cardiogram as T-wave attenuation or inversion. 

It was the TWA results which yielded the most unex- 
pected conclusions, since previous studies on the rat re- 
ported that diving bradycardia was attended by an increase 
in PNS tone and a reduction in SNS tone [20]. In the present 
case, however, the bradycardia was accompanied by a 
phasic TWA attenuation, suggesting that working against the 
PNS activation was SNS activation. The SNS activation ap- 
pears to be elicited by the apneic component of the dive 
reflex. The large inspiration (which leads to acceleration) 
was not the eliciting stimulus for the TWA diminution, be- 
cause the FI condition, which produced the HR acceleration 
like the other two conditions, did not produce TWA diminu- 
tion. Similarly, the combination of face immersion and 
breath holding, which was necessary for the secondary- 
component bradycardia and shown only by the FIBH condi- 
tion, was not necessary for the production of SNS activa- 
tion. Breath holding alone, rather than its combination with 
face immersion was sufficient to produce the TWA changes 
indicating SNS activation. Accordingly, the physiology of 
the dive reflex appears to involve concurrent activation of 
the two branches of the ANS, where the eliciting condition 
of the SNS activity is the apneic component of the dive. 

The TWA-based conclusions above are supported in both 
temporal and directional aspects of the response topography 
by findings from invasive and noninvasive studies of ven- 
tricular function in man and animals. In measurements of 
ventricular systolic time intervals in swimmers during FIBH, 
the length of the pre-ejection period, which is a noninvasive 
measure reflecting myocardial contractility was maintained 
until 14 seconds post-dive onset at which time it was observed 
to gradually lengthen [7]. From ballistocardiographic and 
invasive cardiac measures, during simulated human ‘‘dives”’ 
of apneic-facial cooling, an increase in left ventricular 
minute work (LVW) was observed in the first five seconds of 
dive onset followed by a 20% LVW decrease maximizing 90 
seconds later [31]. Moreover, during forced-dives in bea- 
verlike mammals called nutria, it has been observed that the 
invasive contractility measure of the maximum rate of rise of 
left ventricular pressure (LV dP/dt) increased maximizing 
within ten seconds post-dive onset and then decreased 
15-25% reaching a minimum at the end of the dive [6]. It was 
further demonstrated that LV dP/dt increased 20 seconds 
after dive onset in nutria which were vagotomized or at- 
ropinized. This increase in LV dP/dt was blocked by admin- 
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istration of a beta-SNS antagonist, indicating that both PNS 
and SNS influences increased during the dive with the max- 
imal PNS effect beginning 20 seconds into the dive. There- 
fore, in each of these studies the net effect was that myocar- 
dial contractility was maintained or increased during dive 
onset yielding to a decrease in contractility in the latter por- 
tion of the dive. These findings correspond to the present 
results where, during the later-occurring secondary 
bradycardia of the FIBH dive, the SNS appears to be with- 
drawing (recovery of TWA) from its previous apnea-induced 
activation, while the previous inspiration-induced PNS 
withdrawal (indicated by HR acceleration in the absence of 
any TWA change) has been superseded by PNS activation. 

In summary, when evaluating the findings, as derived 
from the topographical analysis of the HR, VMR and TWA 
evidence, a temporal pattern of cardiovascular change to 
apneic-face immersion emerges. Prior to the twelfth second 
after dive onset the initial biphasic HR response, vaso- 
constriction and TWA attenuation (i.e., SNS activation) 
were not unique to the FIBH condition and thus cannot be 
considered part of the dive reflex proper. Instead, these 
physiological changes were a result of the pre-dive inspira- 
tion and ensuing apnea. This was confirmed by evidence that 
the magnitude of the initial biphasic HR response was unaf- 
fected by condition but affected by the method of inspiration 
used. In addition, since the TWA attenuation occurred dur- 
ing both FIBH and BH alone, it appears that the initial TWA 
response was elicited by BH and not affected differentially 
by any of the conditions. Since the pre-12 second HR re- 
sponses observed in this study were accompanied by no 
TWA change or by TWA attenuation (i.e., SNS activation), 
it can be inferred that HR was predominantly unaffected by 
SNS activity; that is, the biphasic HR response was vagally 
controlled. 

After the twelfth second, however, the secondary 
bradycardia and vasoconstriction continued through to the 
end of the 40-second dive. The TWA changes during this 
time recovered toward pre-dive levels faster than the TWA 
recovery in the BH control condition. In sum, these latter 
responses, which were unique to the dive reflex, emerged 
approximately 12 seconds post-dive onset and continued to 
develop until the dive was terminated. The post-12 second 
bradycardia and recovery of TWA suggested that either a 
maintained or elevated vagal activation was accompanied by 
decreasing SNS tone. It may be argued that the decreasing 
SNS tone enhanced the secondary bradycardia. However, 
since the TWA responses were merely returning toward pre- 
trial levels and still remained diminished (i.e., SNS activa- 
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tion) by the end of the trial, it seems likely that the post-12 
second bradycardia was due to enhanced vagal activation. 

It appears that the TWA response describes functional 
SNS input to the myocardium rather than input to the SA 
node. The degree of the PNS myocardial tone during the dive 
cannot be inferred from these data. Hence, the overall ANS 
effect on ventricular contractility cannot be determined from 
knowledge of myocardial input from only the SNS branch of 
the ANS. At a more speculative level, however, when taken 
together with the evidence of decreasing ventricular con- 
tractility in humans and animals (i.e., [6, 7, 31]), the gradual 
decline of SNS myocardial input (i.e., TWA recovery) sup- 
ports the notion that both SNS and PNS myocardial influ- 
ences peak at different temporal points during the dive. The 
net effect, therefore, as the SNS activation decreases, ap- 
pears to be a decrement in ventricular contractility. 

From an applied perspective, future dive reflex research 
may yield information having implications for countering 
pathophysiological conditions. For example, induction of the 
dive reflex has been found to be an effective clinical tool in 
correcting paroxysmal supraventricular tachycardias 
(PSVT) in both adults and infants (e.g. , [13,21]). Conversion 
of PSVT to normal rhythm by conventional treatments (e.g., 
carotid sinus massage, ocular pressure or intravenous infu- 
sion of vasopressors) are not always effective and most pa- 
tients who fail to respond to these techniques will respond 
favorably with a dive reflex [22]. An alternative approach is 
to train or condition the individual to produce the appropri- 
ate cardiac response when the symptoms of the cardiac dis- 
order suddenly appear. The secondary deceleration compo- 
nent of the dive reflex suggests a potential conditioning ap- 
plication. Specifically, analogue auditory-feedback could be 
made available at about 12 seconds after trial onset, so that a 
tone would activate to reinforce augmentations of the secon- 
dary deceleration of the dive reflex. This cardiac biofeed- 
back differs from conventional operant procedures in that 
feedback is presented to shape the target response once re- 
flexive processes have been used to initiate the desired 
bradycardia. From a physiological perspective, the focus on 
this later-occurring deceleration seems attractive because at 
this point the PNS activity appears to be increasing, while 
the SNS appears to be declining from its previous apnea- 
induced activation. Of course, it is possible that the condi- 
tioning process itself may differentially affect either au- 
tonomic branch. It is because of these and other complicat- 
ing possibilities that the analysis of the dive reflex needs to 
continue to be physiological and topographical as well as 
experimental. 
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SKEWES, P. A., D. M. DENBOW, M. P. LACY AND H. P. VAN KREY. Alteration of food intake following intracere- 
broventricular administration of plasma from free-feeding domestic fowl. PHYSIOL BEHAV 36(2) 295-299, 1986.—Four 
experiments were conducted to investigate the presence of a factor in the plasma of the domestic fowl that alters food 
intake when injected into the lateral cerebral ventricle. Plasma collected from free-feeding and 24-hour fasted birds was 
lyophilized and reconstituted to 2, 4, or 5 times normal concentration. Stainless steel guide cannulae were stereotaxically 
implanted into the lateral cerebral ventricle of 8-week-old Single Comb White Leghorn cockerels. Free-feeding birds 
received 10 ul intracerebroventricular (ICV) injections of normal (Experiment 1) and concentrated (Experiments 2, 3, and 
4) plasma collected from free-feeding and 24-hour fasted birds. Artificial cerebrospinal fluid (aCSF) served as the control. 
Food intake was significantly decreased by ICV injections of 2, 4, and 5 times normal concentration of plasma from fed 
birds. Plasma from fasted birds did not alter food intake regardless of concentration, but did significantly reduce water 
intake when concentrated to five times normal. It appears that a satiety factor, which can be detected by the central 
nervous system, is present in the plasma of free-feeding domestic fowl. 
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THE presence of a blood-borne factor that can alter food 
intake has been well-documented. Cross-transfusion of 
blood between fasted and sated rats resulted in a 50 percent 
reduction of food intake in the fasted rats [6]. Transfusion of 
blood from rats deprived of food for five hours stimulated 
food intake to 127 percent of controls [5]. Cross-circulation 
of blood between fasted and sated sheep reduced food intake 
by 40 percent in the sheep receiving sated blood [25] and 
increased food intake 48 percent in the sheep receiving blood 
from a fasted donor [24]. 

A variety of techniques has been utilized to demonstrate 
the involvement of the ventromedial hypothalamus (VMH) 
and lateral hypothalamus (LH) in the regulation of food in- 
take. Food intake was stimulated in rats by lesioning [4] and 
anesthetizing [8] the VMH or stimulating the LH [21]. On the 
other hand, food intake was reduced by stimulating the 
VMH [13] or lesioning the LH [1]. Lesioning the VMH of the 
chicken [18] and White Throated Sparrow [15] produced 
hyperphagia and obesity, whereas lesioning the LH in the 
chicken [26] and sparrow [14] resulted in hypophagia and 
weight loss. Intracerebroventricular (ICV) injection of a nar- 
row molecular weight range fraction of human serum into 
96-hour fasted rats has also been shown to reduce food in- 
take [9]. The active component in this fraction has been de- 
scribed as a glycoprotein called ‘‘satietin’’ [10, 11, 12]. It 
appears, therefore, that the hypothalamus controls food in- 
take by monitoring the levels of various plasma components. 

The objective of this study was to determine if a blood- 
borne factor exists in the domestic fowl which can alter food 
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intake by acting on the central nervous system following 
injection into the lateral cerebral ventricle. The effect of ICV 
injection of plasma on water intake was also determined. 


METHOD 
Animal Preparation 


Single Comb White Leghorn cockerels were raised in 
electrically heated battery brooders with food and water 
available ad lib. At 8 weeks of age the birds were transferred 
to individual cages. Following sodium pentobarbital 
anesthesia (25 mg/kg), a 23 gauge stainless steel guide can- 
nula was stereotaxically implanted into the right lateral ven- 
tricle by the procedure of Myers [22]. The guide cannula was 
occluded with a 27 gauge stylet between injections. Follow- 
ing a three day recovery period, validation of cannula loca- 
tion was determined by monitoring the colonic temperature 
response to an injection of 67 wg of norepinephrine in 10 ul of 
artificial cerebrospinal fluid (aCSF) administered via the 
guide cannula. The aCSF consisted of 155 mM Na‘, 2.5 mM 
Ca**, 3.7 mM K*, 2.1 mM Mg**, 140 mM CI and 23 mM 
HCO,- [2]. Only those birds exhibiting a decrease in body 
temperature of 1.0°C or greater were used in the experi- 
ments. 


Plasma Preparation 


Blood was collected via cardiac puncture from free- 
feeding or 24-hour fasted cockerels. The blood was cen- 
trifuged at 3000 g for 20 minutes and the plasma collected 
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TABLE 1 
EXPERIMENTAL OUTLINE 





Treatments by Experiment 


Experiment 





Control* 
1x fed-plasma 
1x fasted-plasma 


Control 
2x fed-plasma 
2x fasted-plasma 


Control 
5x fed-plasma 
5x fasted-plasma 


Control 

2x fed-plasma 
4x fed-plasma 
2x fasted-plasma 
4x fasted-plasma 





* Artificial cerebrospinal fluid. 


TABLE 2 


MEAN CUMULATIVE FOOD AND WATER INTAKE OF FREE-FEEDING SINGLE 
COMB WHITE LEGHORN COCKERELS FOLLOWING A 10 yl 
INTRACEREBROVENTRICULAR INJECTION OF NORMAL (1x) CONCENTRATION 
PLASMA FROM FREE-FEEDING OR 24-HOUR FASTED BIRDS 





Time Post-Injection (min) 
Treatment* 45 


60 90 120 180 240 





Controlt 
Fed-plasma 1 x 
Fasted-plasma | x 
SEM# 


Controlt 
Fed-plasma 1 x 
Fasted-plasma 1 x 
SEM#t 


Food intake (g) 


C7 O62. 435 
33. S&--T2 
47 69 -3$.2 
0.6 O07 0.8 


Water intake (ml) 


4.4 6.1 x 12.8 
so oe . 15.0 
39 63.3 : 13.3 
D...22 : 2.3 





*No treatment was significantly different from control (p<0.05). 
+ Artificial cerebrospinal fluid. 
¢Standard error of the mean (n= 18). 


and stored at —20°C. Plasma to be concentrated was 
lyophilized and reconstituted with distilled water to 2, 4, or 5 
times (2x, 4x, or 5X) the original concentration and stored 
at —20°C. 


Injection Procedure 


It has been shown that free-feeding animals are more 
sensitive to food intake inhibiting substances than fasted 
animals [16,17]. Based upon these reports, the birds in this 
study were provided with food and water ad lib prior to 
injection. Injections were made via a 27 gauge stainless steel 
injection cannula connected to a 10 wl Hamilton syringe via 
PE-50 tubing. In each experiment the birds received 10 yl of 
aCSF, plasma collected from free-feeding birds (fed-plasma), 
or plasma collected from 24-hour fasted birds (fasted- 
plasma). The plasma was administered at 1, 2, 4, or 5 times 
normal concentration (see Table 1). Food and water intakes 
were monitored at 15-minute intervals for the first hour, 
30-minute intervals for the second hour, and hourly thereaf- 
ter. 


Statistical Design and Analysis 


A repeated Latin square design [27] was utilized. In Ex- 
periments 1, 2, and 3 non-orthogonal contrasts were used to 
make comparisons of cumulative food and water intake be- 
tween the control and treated birds at each time period. 
Linear contrasts were used to compare food and water in- 
take between birds receiving plasma from free-feeding or 
24-hour fasted birds in Experiment 4. Bonferroni F values 
(p<0.05) were used in determining significance. 


RESULTS 


Experiment | 


Injection of 10 ul of fed-plasma or fasted-plasma of nor- 
mal concentration (1X) into the lateral cerebral ventricle did 
not significantly alter food or water intake from that of the 
controls (Table 2). Although not significant, birds receiving 
plasma from fed donors tended to consume less food than did 
the control birds. This observation was the basis for the 
subsequent experiments in which the plasma was concen- 
trated prior to injection. 
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TABLE 3 


MEAN CUMULATIVE FOOD AND WATER INTAKE OF FREE-FEEDING SINGLE 
COMB WHITE LEGHORN COCKERELS FOLLOWING A 10 ul 
INTRACEREBROVENTRICULAR INJECTION OF TWO (2x) TIMES NORMAL 
CONCENTRATION OF PLASMA FROM FREE-FEEDING OR 24-HOUR 
FASTED BIRDS 





Time Post-Injection (min) 
Treatment 45 60 90 120 180 





Food intake (g) 


Controlt : ° 6.0 8.9 10.4 
Fed-plasma 2 x R : aa 3.9" -3h 
Fasted-plasma 2 x ; : ; 6.6 8.6 11.0 
SEM#+ ; Y 0.5 0.6 0.6 


Water intake (ml) 


Controlt 1.1 : ne oe 6.7 8.6 
Fed-plasma 2x ie 3.9 5.6 8.3 10.0 
Fasted-plasma 2x 1.7 ‘ 5S 67 04. 114.7 
SEM# 0.6 0. * fae 2.0 2.0 





*Significantly different from control (p<0.05). 
+ Artificial cerebrospinal fluid. 
+Standard error of the mean (n=9). 


TABLE 4 


MEAN CUMULATIVE FOOD AND WATER INTAKE OF FREE-FEEDING SINGLE 
COMB WHITE LEGHORN COCKERELS FOLLOWING A 10 ul 
INTRACEREBROVENTRICULAR INJECTION OF FIVE (5x) TIMES NORMAL 
CONCENTRATION OF PLASMA FROM FREE-FEEDING OR 24-HOUR 
FASTED BIRDS 





Time Post-Injection (min) 
Treatment 45 60 90 





Food intake (g) 
Controlt ' ‘ 6.8 8.6 10.6 
Fed-plasma 5 x ; , 4.9* 6.2* 8.1* 
Fasted-plasma 5 x : ‘ 6.0 7.6 8.9 
SEM# ‘ ‘ 0.3 0.5 0.7 


Water intake (ml) 


Controlt . 5.0 6.1 8.8 11.7 
Fed-plasma 5 x : 4.4 4.4 5.6 7.8 
Fasted-plasma 5 x : 1.1 1Jj* 3.3 5.0 
SEM#+ " 1.2 1.2 1.7 2.0 





*Significantly different from control (p<0.05). 
t Artificial cerebrospinal fluid. 
¢Standard error of the mean (n=9). 


Experiment 2 Experiment 3 


Food intake of the birds receiving the 2x concentration of 
fed-plasma was significantly less than that of the control Injection of the 5x concentration of fed-plasma signifi- 
birds at 30, 45, 60, and 90 minutes post-injection. The 2x cantly reduced food intake at 45, 60, 90, and 120 minutes 
fasted-plasma, however, did not significantly alter food con- following injection without any significant alteration in water 
sumption. Water intake was not significantly altered by intake. Those birds receiving 5x fasted-plasma consumed 
either treatment (Table 3). significantly less water than did the controls at 45 and 180 
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TABLE 5 


MEAN CUMULATIVE FOOD AND WATER INTAKE OF FREE-FEEDING SINGLE 
COMB WHITE LEGHORN COCKERELS FOLLOWING A 10 ul 
INTRACEREBROVENTRICULAR INJECTION OF TWO (2x) OR FOUR (4x) TIMES 
NORMAL CONCENTRATION OF PLASMA FROM FREE-FEEDING OR 24-HOUR 
FASTED BIRDS 





Time Post-Injection (min) 


Treatment 30 45 


60 90 120 180 





Controlt 
Fed-plasma 2x 
4x 
Fasted-plasma 2 x 
4x 
SEMi 


Controlt : ; 3.3 
Fed-plasma 2 x , ‘ 1.3 
4x : . 1.7 
Fasted-plasma 2 x q , 2.0 
4x : ‘ rie 

SEM# } F 0.9 


Food intake (g)* 


te ~ Sl is 
6.6 8.0 8.9 
4.9 6.2 7.2 
Si hl 
to. @2 IS 
0.6 0.7 0.7 


Water intake (ml) 


4.3 . Me 
4.3 r 3 10.0 
Fe ‘ * 8.7 
4.3 ‘ © ey Oe 
4.7 , ae 


16.0 
12.3 
10.0 
14.3 
15.0 


iz ‘ : is 24° 23 





*Nonorthogonal linear contrasts were significant (p<0.05) for control, 2x fed, 
4x fed-plasma at all times except 300 minutes. 


+ Artificial cerebrospinal fluid. 
¢Standard error of the mean (n=15). 


minutes post-injection, although food intake was not affected 
(Table 4). 


Experiment 4 


Birds receiving fed-plasma exhibited a dose dependent 
reduction in food intake from 15 to 240 minutes following 
injection (Table 5); the fasted-plasma did not significantly 
alter food intake. Water intake was not affected by any 
treatment. 


DISCUSSION 


The ICV injection of the concentrated plasma collected 
from free-feeding birds caused a significant decrease in food 
intake. This response is in agreement with earlier studies 
where it was reported that a factor exists in the blood of the 
rat [6] and sheep [25] that reduces food intake when trans- 
fused into a fasted animal, In our experiment, plasma col- 
lected from fasted birds did not stimulate food intake; however, 
in the rat [5] and sheep [24] a stimulation of food intake was 
reported following transfusion with blood collected from a 
fasted donor. 

The reduction in water intake resulting from the 5x con- 
centration of fasted-plasma is probably not due to the 
hyperosmolarity of the concentrated plasma, since the nor- 
mal response to hypertonic conditions within the brain 
would be a stimulation of water intake [29]. Osmolarities of 
the 4x concentration of fed-plasma and fasted-plasma were 
1401 mOS and 1460 mOS, respectively. This difference was 
probably not large enough to account for the different food 
intake response between the birds receiving fed-plasma and 
the birds receiving fasted-plasma. Since water intake was not 


reduced by either the 2 or 4x fed-plasma, it can be as- 
sumed that the effect of the treatments was specific for food 
intake. 

The nature of the factor(s) present in the plasma that re- 
duced food intake when injected ICV is unknown. Numer- 
ous endogenous substances have been shown to decrease 
food intake when injected ICV. A hypophagic condition was 
reported in the rat [3,28] and pig [23] following ICV adminis- 
tration of bombesin. Similarly, ICV injection of cholecys- 
tokinin reduced food intake in the rat [19] and chicken [7]. 
Nutrient-related blood components have also been shown to 
be involved in regulating food intake. Infusion of 6% glucose 
into the lateral ventricle of domestic fowl reduced food in- 
take for up to three hours post-injection [20]. Experiments in 
progress have shown that the satiety factor in the plasma has 
a molecular weight below 5000. This suggests that the satiety 
factor ‘‘satietin,’’ with a molecular weight of 50,000 [9, 10, 
11, 12], is not responsible for the reduction in food intake 
which occurred in this study. 

Lack of a response following ICV injection of fasted- 
plasma may have been caused by a reduction or complete 
elimination of some factor(s) in the plasma due to nutritional 
Status. The concentration of the factor in the plasma may 
decrease in proportion to the length of time the animal has 
gone without feeding. This type of response has been 
demonstrated in the rat [5]. The amount of food consumed 
by a sated recipient rat following transfusion with blood from 
a fasted donor rat was inversely proportional to the length of 
deprivation of the donor rat. 

Two inconsistencies occurred in this study that should be 
noted but are without explanation. The food intakes of the 
control and treated groups in Experiment 1 were lower than 
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the values reported in the subsequent experiments, and the 
2x-fed plasma appeared to have a greater effect in Experi- 
ment 2 than it did in Experiment 3. 

The results of our study suggest that a satiety factor, 
which can be detected by the brain, exists in the plasma of 
the free-feeding domestic fowl. Whether this factor origi- 
nates from the gastrointestinal tract as a secretion, e.g., 
cholecystokinin or bombesin, or from the absorption of 
nutrients, e.g., glucose, remains to be elucidated. The 
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plasma concentration of this factor appears to be related to 
the nutritional status of the bird or the length of time the bird 
has gone without feeding. 
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HART, B. L. Medial preoptic-anterior hypothalamic lesions and sociosexual behavior of male goats. PHYSIOL BEHAV 
36(2) 301-305, 1986.—With the aid of x-ray ventriculography, lesions.were placed in the medial preoptic-anterior hypotha- 
lamic (MP-AH) area of 5 adult male pygmy goats. The lesions resulted in a marked decrement in ejaculatory responses, as 
they have in previous studies on rats, cats, dogs and rhesus monkeys. The results illustrate the apparent universal effects of 
MP-AH lesions on copulatory behavior in mammalian species. Male sex-typical nen-courtship responses of flehmen, 
self-enurination and penis licking were not altered by the MP-AH lesions. Since the non-courtship responses are displayed 
most frequently when male goats are sexually aroused, the results point to a specific effect of the lesions in disturbing a 
male’s copulating performance while sparing other expressions of sexual arousal. 
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WITH almost surprising regularity, lesions in the medial 
preoptic-anterior hypothalamic (MP-AH) continuum elimi- 
nate or markedly reduce copulatory behavior in males of 
every species studied. This has included rats [2, 3, 12], cats 
[7], dogs [5], and rhesus monkeys [19]. Relatively large le- 
sions result in complete elimination of copulatory responses, 
and smaller lesions appear to produce an impairment of 
copulatory activity with no recovery to preoperative levels 
(3, 7, 12]. These findings suggest that this area of the brain 
has very similar functions in all mammalian species. How- 
ever, one important group of mammals yet to be investigated 
with regard to MP-AH control of sexual behavior are the 
ungulates. If members of this important group of mammals 
did not show the lesion effect seen in rodents, carnivores, 
and primates, our thinking about the generality of the critical 
importance of the MP-AH in mediating male sexual behavior 
would have to be altered. 

One purpose of the present study was to determine if 
lesions in the MP-AH continuum in a representative of the 
ungulate group, namely pygmy goats, would produce the 
same changes in copulatory responding as observed in other 
mammals. Pygmy goats were chosen because of their small 
size, allowing their heads to be placed into a stereotaxic 
instrument which relies on x-ray ventriculography for accu- 
rate electrode placement. 

A second purpose explored the question of the role of the 
MP-AH area in male sex-typical behaviors other than copu- 
lation. For example, urine marking behavior of dogs [5] and 
cats [11] is reduced by brain lesions in the same locus that 





impair copulatory behavior. There are other male sex-typical 
patterns that are not altered by MP-AH lesions. Yawning 
during mating tests and masturbation in rhesus monkeys [19] 
and intermale aggressive behavior in dogs [5] are not altered 
by the same lesions that impair copulatory behavior. 

More than any other commonly studied species, male 
goats display a variety of male sex-typical behavioral pat- 
terns in the presence of females. These are the prominent 
courtship responses of babbling-snorting and pawing- 
stamping directed toward the females prior to mounting, and 
the non-courtship investigatory or display behaviors of 
flehmen, self-enurination and penis licking [16]. It was of 
particular interest to learn if MP-AH lesions that altered the 
performance of copulation (ejaculation) would also disrupt 
these courtship and non-courtship responses. Since self- 
enurination, penis licking and flehmen are more commonly 
seen in sexually active than nonactive males [17], one might 
expect these behaviors to be reduced in goats in which 
MP-AH lesions had reduced copulatory behavior. Although 
androgen control of self-enurination and penis licking has not 
been examined, it is known that flehmen behavior is affected 
by both concurrent and developmental testosterone altera- 
tion [6,8]. 

Self-enurination and penis licking are male sex-typical 
behaviors unique to goats. During self-enurination (referred 
to also as scent-urination) a male goat turns its head and 
shoulders downward to the rear, and with a partially erect 
penis directs a stream of urine into its face, beard, and front 
legs. Flehmen is often displayed following the delivery of 
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FIG. 1. Ventriculogram of the third ventricle of a male goat brain after infusion with a 
radiopaque contrast medium. The cross is the designated location of the tip of the electrode 
for lesion placement. Ventriculograms are used to confirm electrode placement at the desig- 


nated location. 


urine into the male’s mouth or nose. In the self-enurination 
posture the animal is able to reach its penis with its tongue 
and mouth and he frequently licks the penis. Penis licking 
may or may not be accompanied by urine discharge. Self- 
enurination and penis licking can be easily distinguished but 
the 2 behaviors are closely related [1, 15, 17, 18]. Self- 
enurination and penis licking occur most frequently when 
male goats are highly sexually aroused but are in the 
postejaculatory refractory period or are restrained from in- 
teracting with the female [17]. 

The lip-curl or flehmen behavior is seen in almost all un- 
gulates and is directed toward the genital area or recently 
voided urine of females [14]. This behavior is believed to be 
involved in the transport of fluid-borne sex pheromones to 
the vomeronasal organ for chemosensory analysis [6,13]. 


METHOD 
Subjects 


The subjects were 6 male pygmy goats weighing 23-39 kg 
that had been dehorned as young animals. The animals were 
maintained in a single group and fed a standard hay and grain 
ration and water. Three female pgymy goats served as test 
stimuli and behavioral estrus was induced in these females 
by a sequence of 3 daily injections of 20 mg progesterone 
initially followed 2 days after the last progesterone injection 


TABLE 1 


MEAN NUMBER OF EJACULATORY RESPONSES PER TEST 
FOR EACH SUBJECT IN PREOPERATIVE, SHAM AND MP-AH 
LESION GROUPS 





Number of Ejaculatory Responses 


Subject No. Preop Sham Lesion 





1.4 ‘ _ 
2 , 0.4 
1.2 : 0.0 
1.4 ‘ 0.1 
1.6 0.7 
2.0 0.4 





Note: Subject No. 3 was discarded from data presented in Figs. 3 
and 4 for the MP-AH lesion group (see text). 


by 2 mg estradiol cypionate. This usually induced receptivity 
for 5-7 days. 
Stereotaxic Procedure 


Following the induction of anesthesia by the injection of a 
mixture of Rompun and ketamine, the subjects were main- 
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FIG. 2. Section through the center of the lesion of the male goat for 
which histology was available, illustrating lesion size and location. 
The blackened area is the lesion including degenerated tissue sur- 
rounding the lesion space. The dotted line indicates limits of medial 
preoptic area. 


tained at a surgical level of anesthesia with the inhalant anes- 
thetic fluothane. During surgery a cannula was lowered into 
the third ventricle using stereotaxic coordinates derived 
from pilot animals. A contrast medium of 0.1 ml of meg- 
lumine iothalamate (60%) was injected directly into the third 
ventricle. Immediately thereafter, radiographs were taken 
for visualization of the massa intermedia of the thalamus, 
anterior commissure, optic chiasm, infundibular recess, 
optic recess, and other structures related to the third ventri- 
cle. Electrodes, which were previously aligned with the in- 
jection cannula, were then placed in the region of the 
MP-AH continuum which in previous studies on dogs, cats, 
and rhesus monkeys had resulted in the loss of copulatory 
behavior. This area was designated as lying on a vertical 
plane in line with the caudal edge of the anterior commis- 
sure, 1.5 mm lateral to the midline, with the ventral extent of 
the electrode resting 1 mm dorsal to the optic chiasm. The 
final electrode placement on each side was confirmed by 
radiographs taken in the lateral and dorsoventral planes 
(Fig. 1). Radiofrequency lesions of an estimated 3-4 mm di- 
ameter were made with the Kopf model K 13882 thermister 
electrode (tip diameter, 0.7 mm; tip exposure, 1.5 mm) by 
holding tissue at the tip of the electrode at 70-71°C for 1 min. 

The same anesthetic, radiographic, and surgical tech- 
niques were followed with the sham operations except that 
electrodes were lowered to a point just dorsal to the MP-AH 
area and no current was passed through the electrode. Post- 
operative recovery and temperature were carefully observed 
for several days. By the end of 3-6 days, subjects were usu- 
ally very active, eating well, responding to other goats, and 
maintaining normal body temperature. 


Experimental Design 


In order to conserve subjects, plans were made to utilize 4 
of the subjects initially for a sham operation, with 3 of these 
being used later for the actual lesion procedure. Two sub- 
jects were subjected to only experimental lesions without 
undergoing initial sham surgery. 


Behavioral Testing 


Preliminary tests consisted of exposing each subject to a 
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MEAN NUMBER EJACULATIONS 
PER TEST 


\ 
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FIG. 3. Mean number of ejaculations in preoperative and postoper- 
ative testing for male goats with sham and medial preoptic-anterior 
hypothalamic lesions. The sham group was given 5 postoperative 
tests and the lesion group 10 postoperative tests. 





stimulus female until he ejaculated. Then a series of at least 5 
preoperative tests were conducted at 4-7 day intervals. All 
subjects did not receive the same number of preoperative 
tests, but data were counted for only the 5 most recent tests 
before either the sham or lesion surgery. Postoperative test- 
ing consisted of 5 tests at 4-7 day intervals following sham 
surgery and 10 tests at 4-7 day intervals following lesion 
surgery. 

Behavioral testing was designed to maximize the display 
of the variety of sex-typical behaviors, as well as to test the 
animals’ performance in achieving copulation. The testing 
procedure evolved over several pilot tests. The main test 
arena was a stall 4m by 5.5 m which was partitioned off 
from a smaller holding area 2m by 4m. The receptive 
female was placed in the main arena and a male was intro- 
duced to the holding pen for 3 min. The barrier between the 
holding pen and main arena was a woven-wire fence so the 
male and female remained in olfactory, visual, and auditory 
communication. The male was then placed in the main arena 
with the female for 2 min. In preoperative tests one ejacula- 
tion usually occurred within this time. Both the male and 
female were then taken to the holding pen and tethered at 
opposite ends such that they could touch noses but there 
could be no body contact. They remained in this situation for 
2 min. It was found that this was the most likely situation to 
evoke self-enurination and penis licking. The male and 
female were then both released into the main arena for an 
additional 4 min. Each stimulus female was used with no 
more than 2 tests in a one-half-day period and at least 15 min 
was allowed between tests to rest the females. In addition to 
observations on _ babbling-snorting, pawing-stamping, 
flehmen, self-enurination, penis licking, mounts without 
ejaculation and ejaculations, the elapsed time from when the 
male and female were placed together to the first mount and 
to ejaculation were recorded. Subjects often ejaculated on 
the first mount, so the elapsed time is such instances was the 
same. 


Confirmation of Lesion 


Due to a laboratory accident following necropsy gross ex- 
amination, the brains from all but 1 of the lesioned subjects 
(No. 4, Table 1) were lost and thus not available for his- 
tologic confirmation of electrode placement. The | brain, 
which had been perfused after the animal had been deeply 
anesthetized, was later sectioned at 40 um, stained under 
cresylviolet and examined for extent and size of lesions. 
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RESULTS 


Since electrode placement in all subjects was verified 
radiographically using landmarks from the third ventricle, it 
was felt that this was adequate to assume the electrodes were 
in the designated area. The brain from the 1 subject that was 
available revealed that the lesion was in the designated area 
although somewhat asymmetrical (Fig. 2). The lesion is 
somewhat smaller than what would have been expected from 
previous lesion studies in other species. What was not avail- 
able was a correlation of the size or symmetry of lesions with 
degree of impairment of copulatory responding. It is felt that 
the main conclusions of the study are nonetheless valid. 

Upon necropsy it was found that 1 subject (No. 3, Table 
1) had developed an abscess in the wound after the lesion 
operation. The abscess had not visibly extended into the 
interior of the brain but the subject was excluded from data 
summaries of Figs. 3 and 4. Thus there were only 4 subjects 
which contributed data to the lesion group. 

The main effect of the lesions was to markedly reduce the 
number of ejaculations per test. The 4 goats of the lesion 
group had a preoperative mean of 1.6 and a postoperative 
mean of 0.3 ejaculations per test. Those subjects that were 
subjected to sham surgery only or sham surgery prior to the 
lesion had a mean of 1.7 ejaculations per test preoperatively 
and 1.5 in postoperative testing. One of the 4 lesioned sub- 
jects displayed only 1 ejaculation on only 1 of the 10 postop- 
erative tests. The individual data of all subjects with regard 
to ejaculations are presented in Table 1. It can be seen that 
all lesioned subjects showed a marked decline in number of 
ejaculations. 

Figure 3 reveals no indication of recovery from the lesion 
effects in the approximately 6 weeks of postoperative test- 
ing. There was no major and consistent alteration in mean 
elapsed time to the first mount (preoperative, 37 sec; sham, 
35 sec; lesion, 79 sec) or mean elapsed time to the first ejacu- 
lation (preoperative, 56 sec; sham, 113 sec; lesion, 140 sec) 
when only tests with ejaculations or mounts were counted. 


HART 


In those tests in which mounting occurred in the lesioned 
animals, but was followed by no ejaculatory response, the 
mounts generally did not include pelvic thrusting and were 
often not even correctly oriented. The mounts that occurred 
in tests with ejaculation were correctly oriented and were 
followed by intense pelvic thrusting. 

A comparison of lesion effects on ejaculations versus ef- 
fects on courtship responses and on non-courtship behaviors 
is presented in Fig. 4. It is obvious that despite a marked 
fall in ejaculations there was no decline in either courtship 
responses or non-courtship responses. Interestingly, goats 
with the greatest decrement in number of ejaculations had 
the highest scores on the non-courtship responses of flehmen 
and self-enurination. 


DISCUSSION 


Because of the unavailability of histological verification 
of the lesions in 3 of the 4 subjects which contributed data to 
the lesion group, the results must be considered tentative. 
However, the lesion placement on each subject was verified 
at the time of surgery by x-ray ventriculography as per- 
formed in this laboratory on recent MP-AH lesion studies of 
dogs [9], cats [10] and rhesus monkeys [19]. What is not 
available is an analysis of lesion size or symmetry. The his- 
tology from the one brain available was consistent with accu- 
rate MP-AH lesion placement, although not all of the 
MP-AH area was destroyed. 

The effects of MP-AH lesions, which resulted in a marked 
decrement in number of ejaculatory responses per test and in 
the number of tests in which the ejaculation occurred, were 
very similar to those observed in previous studies on rats, 
cats, dogs, and rhesus monkeys. 

The goats with lesions maintained overall a preoperative 
level of courtship responses of babbling-snorting and 
pawing-stamping. The number of mounts displayed per test 
in lesioned subjects was the same as in preoperative testing 
except that the mounts were often directed inappropriately 
or did not include the same degree of pelvic thrusting as in 
preoperative testing. 

The male sex-typical, noncourtship responses of flehmen, 
self-enurination and penis licking, which are highly dimor- 
phic in the mating context, were not affected overall and, in 
fact, flehmen and self-enurination were increased in the 2 
subjects with the greatest decrement in ejaculation perform- 
ance. In goats flehmen, self-enurination and penis licking are 
displayed most frequently when the animals are sexually 
aroused and self-enurination and penis licking are most 
potentiated when goats are watching other males mate with a 
female, but are prevented from mating [17]. Thus, the results 
of this experiment point to a specific effect of the lesions in 
disturbing a male’s copulatory performance, while sparing 
other expressions of sexual arousal. The finding might be 
viewed as supportive of the concept that blocking copulatory 
performance, but not sexual arousal, potentiates the display 
of displacement behavior as suggested in a study of 
chemically-induced MP-AH degeneration in male rats [4]. 
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BEHAV 36(2) 307-310, 1986.—Eighty-eight adult female rats were fed diets containing either 0.08, 0.12, 1, 3, or 4% NaCl 
for at least one week prior to breeding and throughout gestation. Within 24 hours of birth, all pups were sexed based on 
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diets was inversely related to the proportion of phenotypic males in the litter. As dietary salt increased, the proportion of 
males decreased. These alterations in dietary NaCl affected the sex ratio without disrupting litter size or the general health 
of the offspring. Dietary mineral content may affect the phenotypic sex ratio through changes in the genotypic sex ratio, or 
alternatively, via changes in the environment in which the genes are expressed. These findings are important for basic 


research concerning maternal nutrition and development. 
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ONGOING research projects in our laboratory are designed 
to investigate the effects of differences in maternal dietary 
sodium chloride intake during the perinatal period on off- 
springs’ salt preferences as adults. To insure equivalent ac- 
cess to milk and maternal care, litters are routinely culled to 
a certain number of males and females within 24 hours of 
birth. Before any pups are sacrificed, the entire litter is sexed 
and the numbers of males and females are recorded. After 
obtaining these data from the litters of almost 90 rats, we 
noticed that there appeared to be a relationship between the 
level of NaCl in the maternal diet and the sex ratio (propor- 
tion of males) of the litter. 

We now report that this is a statisitcally significant rela- 
tionship: as the amount of salt in the diet increases, the pro- 
portion of males in the litter decreases. Our data are dis- 
cussed with reference to results of studies in other species 
which suggest that the ions sodium, potassium, calcium, and 
magnesium influence sex determination [3, 5, 12, 14, 15, 16]. 
Then, two mechanisms whereby dietary salt may exert its 
effects on the sex ratio are described. Finally, several im- 
plications of the present data for experimental studies of 
maternal nutrition and development are mentioned. 


METHOD 


Eighty-eight adult female rats (Sprague-Dawley, Charles 
River Breeding Laboratories) weighing at least 250 g were 
housed in individual breeding cages in a temperature- 
controlled colony room on a 12:12 light-dark cycle (lights on 
at 1300 hr). They were fed deionized-distilled water and 
powdered rat chow containing one of five levels of sodium 
chloride (0.08%, 0.12%, 1%, 3%, 4%). The diets were com- 
posed of 0.8, 1.2, 10, 30, or 40 grams of NaCl added to 999.2, 





998.8, 990, 970, or 960 grams of a powdered sodium-deficient 
diet (Hartroft formula; ICN Nutritional Biochemicals). The 
0.08% NaCl diet contains the minimum amount of sodium 
(0.03%) necessary for normal reproductive performance [7]. 
In a choice situation, rats do not prefer the 4% NaCl diet; 
during gestation, however, dams will consume sufficient 
quantities of the diet to permit weight gain and litter sizes 
similar to control animals. This range of diets also includes 
the salt concentration (1% NaCl) in Purina rat chow, a stand- 
ard commercial diet for rats. 

Rats were randomly assigned to dietary groups and were 
fed the appropriate diet for at least one week prior to breed- 
ing and throughout gestation. During gestation, the food in- 
takes and body weights of the dams in the five groups did not 
differ. Since their food intakes were similar, rats in the five 
groups ingested different amounts of sodium chloride. At 
birth, neither gross morphological defects nor sodium toxic- 
ity were apparent. This indicates that these particular diets 
provide a broad range of salt concentrations that all support 
the normal development of the offspring. 

In all cases, parturition occurred within 21 or 22 days of 
conception. The pups were sexed with 24 hours of birth. To 
accomplish this, we examined the distance between the anus 
and the genital papilla; this distance is reliably about 1.5 mm 
greater in males than in females [11]. This measure is, of 
course, based on phenotype and does not confirm the pres- 
ence or absence of the Y chromosome; in this paper, there- 
fore, we discuss phenotypic, rather than genotypic, sex 
ratios. The size and sex ratio (proportion of males) of each 
litter were recorded. It is important to note that sexing was 
effectively done ‘‘blind’’: these data were collected for other 
experiments, and it was only after they were in hand that the 
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TABLE 1 
SEX RATIOS AND LITTER SIZES IN FIVE DIETARY SALT GROUPS 





Dietary 
Group { 
Mean(+SEM) 


(% NaCl) Median 


Sex Ratio 


Litter Size 


Predicted (95%C.1.) Mean(+SEM) Median 





0.08 0.57 + 0.03 
0.12 0.48 + 0.03 
1.0 0.53 + 0.02 
3.0 0.46 + 0.03 
4.0 0.44 + 0.03 


0.60 
0.46 
0.52 
0.45 
0.39 


12.8 + 0.4 
13.0 + 0.6 
13.9 + 0.5 
13.2 +065 
13.8 + 0.6 


0.53 (0.49, 0.57) 
0.53 (0.49, 0.57) 
0.51 (0.48, 0.54) 
0.47 (0.43, 0.51) 
0.44 (0.39, 0.49) 





relationship between dietary salt and sex ratio became ap- 
parent. 


Data Analysis 


Differences in sex ratio and litter size were assessed using 
a one-way analysis of variance with dietary group as the 
between-group factor. Before analysis, the sex ratio propor- 
tions were subjected to an arc-sin transformation to stabilize 
the variances. Newman-Keuls tests were used a posteriori to 
determine the source of significant differences in the overall 
analysis of variance. Since the numbers of subjects in each 
group were unequal, unweighted means analyses of variance 
were conducted. The n’s are unequal because in all experi- 
ments, the control females are fed the 1% NaCl diet, whereas 
the low salt group may be fed either the 0.08% or the 0.12% 
NaCl diet and the high salt group may be fed either the 3% or 
the 4% NaCl diet. Hartley’s test [17] indicated that, despite 
unequal n’s, the group variances were homogeneous 
(Fmax= 1.6). In addition to analysis of variance, we also used 
ordinary least-squares regression analysis to examine the re- 
lationship between dietary salt levels and litter sex ratio. 


RESULTS 


Table 1 presents the mean (+SEM) and median propor- 
tion of males in litters born to dams in the five dietary 
groups. There was a significant overall effect of dietary salt 
on the sex ratios of the litters born to mother rats in the five 
groups, F(4,83)=2.64, p<0.05; nine percent of the variance 
in ‘sex ratio is accounted for by differences in dietary salt 
(E?=0.09). The data in Table 1 show that the proportion of 
males decreases as the amount of salt in the diet increases. In 
fact, the proportion of males in the 4% NaCl group is 
signficantly lower than that in the 0.08% and 1% NaCl groups 
(Newman-Keuls, p<0.05). A contrast on the mean sex ratios 
indicates that a linear trend accounts for 62% of the 
between-group variation, F(1,83)=6.5, p<0.05; the non- 
linear residual is not significant (p>0.05). This implies that a 
significant proportion of the overall variation in sex ratio has 
a negative linear relationship to the amount of sodium 
chloride in the diet. 

Table 1 also presents the predicted sex ratio values, as 
well as the 95% confidence intervals for each, from the re- 
gression analysis. The results of this analysis support those 
of the analysis of variance. The regression equation is 
y=.53—.022x. The slope (+SE) of the line, —.022 (+ .0088), 
is significantly different from zero, 1(86)=2.49, p<0.01. A 
slope of zero would indicate no relationship between dietary 


salt levels and sex ratios. The mean sex ratios for four of the 
five groups fall within their respective 95% confidence inter- 
vals predicted by the regression equation; the mean for the 
0.12% NaCl group does not. This may indicate that the sex 
ratio is only affected by sodium chloride levels outside of a 
certain range; our data suggest that one end of this range 
would be between 0.12% and 0.08% NaCl. 

Statistically significant group differences in sex ratio can- 
not be attributed to a few deviant observations, since the 
mean and median sex ratio values are similar in each case. In 
addition, group differences in sex ratio are not artifacts of 
changes in litter size, as there were no differences between 
the groups in litter size (p>0.05). As shown in Table 1, the 
median litter sizes are all within one standard error of their 
corresponding means, which suggests that the means are not 
affected by a small number of outlying observations. 


DISCUSSION 


There are several studies in the literature that report ef- 
fects of maternal dietary mineral content on sex determina- 
tion. Generally, in rats, a lower proportion of males is born 
to mothers fed diets high in sodium and/or potassium [5] and 
low in calcium [14]. Nevertheless, experiments to date have 
been problematic in that the severity of the dietary manipu- 
lations affected not only sex ratios but also litter size and the 
general health of the pups. For example, offspring of rats fed 
a diet lacking factors necessary for the absorption of calcium 
developed rickets [14]; both this manipulation and one de- 
signed to increase potassium intake resulted in decreased 
litter sizes [5,14]. Such concomitant effects suggest that the 
mineral content of the diets used in these studies is altered 
outside of the range which supports normal development in 
utero. In addition, changes in litter size cloud the interpreta- 
tion of sex ratio differences, since in these cases both the 
numerator (number of males) and the denominator (litter 
size) of the ratio are altered. 

Our study has a result that is qualitatively similar to these, 
yet avoids their problems. We found that a lower proportion 
of males is associated with higher dietary sodium chloride, as 
it was with high potassium [5] and low calcium [14]. In con- 
trast, the alterations in sodium chloride content of the diets 
are within the range necessary for normal development, as 
evidenced by their effect on sex ratio independent of any 
disruption of litter size and general health of the offspring. 

Contrary to these results obtained in rats, studies with 
cows [16] and human subjects [12, 14, 15] report the inverse 
relationship: a higher proportion of males born to mothers on 
diets high in sodium and potassium and low in calcium and 
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magnesium. For two reasons, the reliability of the latter find- 
ings has, however, been questioned [3]. First, cows and hu- 
mans have a small number of offspring, compared to other 
mammals such as rats, cats, and pigs. This is a potential 
problem, since in uniparous species, the sex ratio in a 
selected sample of births may not accurately reflect the sex 
ratio at conception because of embryonic or fetal mortality. 
Second, it is difficult to control precisely the diets of cows 
and humans, who are not confined in a laboratory environ- 
ment with food available only at the discretion of the exper- 
imenter. 

These problems encountered in studies with humans and 
cows are easily overcome in studies with rats, because the 
rat produces a large number of offspring and is maintained in 
an environment in which the experimenter may accurately 
control its diet. This suggests that the rat may *e a useful 
animal model in the pursuit of answers to the question of the 
influence of dietary mineral content on sex determination. 
Our data make this proposal even more compelling, since we 
have shown that alterations in the mineral content of the diet 
affect the sex ratio of rat litters. This was accomplished by 
altering sodium chloride content within a range that permits 
normal gross development in the absence of sodium toxicity 
and decreased litter size. Furthermore, humans may typi- 
cally consume salt concentrations that were used in the pres- 
ent study. 

Differences in the litter phenotypic sex ratio may or may 
not reflect changes in the genotypic sex ratio. For example, if 
excess maternal dietary salt made the uterine environment 
more hostile, more eggs would be fertilized by X sperm than 
by Y sperm, as the latter are more fragile [3]. In this case, a 
change in phenotypic sex ratio would result from a change in 
the genotypic sex ratio. On the other hand, if the environ- 
ment for gene expression were altered, the phenotypic sex 
ratio may change in the absence of alterations in the 
genotypic sex ratio. In rodents, development as a phenotypic 
male depends on testosterone produced by the genetic male 
fetus [2]. This testosterone may, however, affect the mor- 
phology and behavior potential of genetic females as well; 
female rat and mouse fetuses that developed in proximity to 
males in utero showed increased anogenital distances as 
birth, as well as male-typical behavioral responses as adults 
[4, 6, 10]. If dietary salt levels affected testosterone metabo- 
lism such that low salt enhanced and high salt suppressed 
testosterone production and/or utilization, the number of 
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phenotypic males in a litter may be inversely related to di- 
etary salt levels. Elevated testosterone production may af- 
fect some genetic females, in addition to the males, resulting 
in an increased sex ratio, while suppressed testosterone pro- 
duction may be related to a decreased sex ratio [9]. 

Our findings have important implications for experi- 
mental studies concerning maternal nutrition and develop- 
ment. In these studies, components of the maternal diet are 
altered to examine the effects of dietary surfeits or deficits 
on the development of various characteristics of the off- 
spring, such as central nervous system organization and be- 
havior. Many areas of the central nervous system and many 
behaviors have been shown to be sexually dimorphic [1]; 
indeed, it is likely that all brain areas and behaviors are 
either indirectly or directly dependent on a neural substrate 
that is sexually dimorphic. The development of sexually di- 
morphic neuronal organizations and the behaviors they 
underlie depends on the presence or absence of steroid hor- 
mones during a certain portion of the perinatal period [8]. If 
changes in maternal diet affect steroid hormone production 
or utilization by the fetus, the developmental pathways of 
the two sexes may not diverge as much as usual, making the 
resulting sexual dimorphisms less apparent. 

The interpretation of data collected from animals sub- 
jected to a dietary manipulation that did affect the develop- 
ment of sexual dimorphisms would be problematic, since 
changing the extent of sexual differentiation is essentially 
introducing another independent variable into the study. For 
example, instead of studying the effect of maternal dietary 
sodium chloride levels on the offspring’s blood pressure, one 
would be studying the effects of both dietary sodium chloride 
and the degree of sexual differentiation on blood pressure. 
The fact that the former of the two independent variables is 
controllable while the latter is not would render assignment 


of the source of significant between-group variation very 
difficult. 
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TREIT, D. AND M. L. SPETCH. Caloric regulation in the rat: Control by two factors. PHYSIOL BEHAV 36(2) 311-317, 
1986.—These experiments demonstrate that rats -an immediately adjust their meal size in response to variations in the 
caloric density of a novel diet However, this immediate caloric sensitivity only seems to appear when rats have been 
adapted to small, calorically insufficient meals. Rats in Experiment | were given timed access to unlimited quantities of an 
oil/water diet during baseline, and they showed no indication of compensating for changes in the caloric density of the 
oil/water diet during a test meal. Instead, they consumed about the same amount they had consumed during the preceding 
baseline meal, suggesting that a learned habit of consuming a certain volume of food controlled their meal size. In 
contrast, rats that were accustomed to receiving only a very small quantity of food for one of their daily meals during 
baseline immediately responded to the caloric density of an oil/water test diet by consuming a larger meal if the diet was 
dilute than if it was calorically more concentrated (Experiments 2 and 3). This immediate sensitivity to caloric density 
occurred whether or not the rats were exposed to the oil/water diet during baseline, suggesting that rats have some way of 
directly *‘metering’’ the caloric density of new foods. Thus, rats’ caloric intake during a meal appears to be controlled by 


two factors: under certain conditions, control is by caloric learning, under other conditions control is by a caloric metering 


mechanism. 


Caloric regulation Caloric compensation 


Caloric learning 


Caloric metering Food intake Rats 





IT is well known that rats can regulate their caloric intake by 
eating more of a low calorie diet and less of a high calorie diet 
(e.g., [1, 7, 12]). However, in most cases, these compensa- 
tory changes in caloric intake seem to require a number of 
exposures to the new diet’s caloric density (e.g., [12]). This 
delay between the change in the caloric density of a diet and 
the appropriate change in the rat’s feeding behavior is con- 
sistent with the view that caloric compensation depends on a 
learning process: Rats may have to associate some aspect of 
each diet concentration with the delayed caloric conse- 
quences of ingesting that diet, and on the basis of this learned 
association, gradually adjust their intake until homeostasis is 
restored [5,10]. There is good evidence that rats can use taste 
as a cue for this compensatory learning process [4,5]. 

In a recent study, however, we found that under condi- 
tions of restricted diet access, rats can make immediate and 
qualitatively appropriate changes in their intake when the 
caloric density of their diet is changed suddenly [14]. After 
seven days access to small quantities of a 50% oil/water mix- 
ture, rats were offered either the same (i.e., control), a more 
concentrated (i.e., 80%), or a more dilute (i.e., 20%) 
oil/water mixture during a half hour test period. Rats in the 
dilute condition consumed significantly more than rats in the 
control condition, who in turn consumed significantly more 
than rats in the concentrated condition. Furthermore, these 
immediate compensatory changes in food intake could be 
**masked’’ by providing a relatively large supplementary 
meal immediately after access to the oil/water mixture during 
the seven day baseline period. We tentatively suggested, on 
the basis of these results, that exposure to small quantities of 
the oil/water mixture during baseline might have served as a 


kind of standard against which the consequences of other 
concentrations of oil/water diets could be estimated im- 
mediately (i.e., “‘caloric calibration’’). Our results also 
seemed consistent with previous evidence that rats can im- 
mediately detect changes in nutrient density produced by 
gastric siphoning, perhaps through some ‘gastric nutrient’ 
receptor system (cf. [8]). 

The exact conditions under which an immediate compen- 
satory mechanism such as caloric calibration would be 
Operative, as opposed to other mechanisms such as caloric 
conditioning, were not clarified in our original report (cf. 
[14]). We speculated that the predominance of one type of 
mechanism over the other might depend upon the amounts of 
the test diets available, as well as upon the duration of expo- 
sure to the test diets. Unlimited access to large quantities of 
a test diet would provide a better opportunity for organisms 
to learn about the caloric consequences of a particular diet 
than would conditions of limited access to small quantities of 
a test diet. On the other hand, it may be precisely these 
limitations on caloric information that are critical for more 
immediate mechanisms of caloric compensation to be 
triggered. 

The general purpose of the present investigations was to 
further characterize the conditions under which immediate 
vs. delayed compensatory changes occur in response to 
changes in the caloric concentration of an oil/water test diet. 
A secondary purpose was to determine whether immediate 
compensatory changes in food intake actually depend upon 
the caloric ‘‘information’’ provided during the seven day 
baseline period, or whether some other mechanism might be 
involved. 
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FIG. 1. Left panel: Mean (+SEM) grams consumed of the oil/water 
diet during the 7 baseline meals, for rats receiving the 20% oil/water 
concentration (open circles) or the 50% oil/water concentration (closed 
circles). Right panel: Mean (+SEM) grams consumed during the test 
meal of the 50% oil/water concentration (left two columns) or the 20% 
concentration (right two columns). Open bars are for rats that had 
received the 20% concentration during the preceding baseline, and 
slashed bars are for rats that had received the 50% concentration during 
baseline. 


EXPERIMENT 1 


The major purpose of Experiment 1 was to provide a 
systematic demonstration that compensation for differences 
in the dilution of an oil/water diet occurs only gradually over 
a number of exposures, when rats are allowed timed access 
to unlimited amounts of the diets (cf. [5]). A gradual differ- 
entiation of intake as a function of caloric concentration 
would be consistent with the idea that animals, given an 
adequate stimulus (e.g., calorically significant amounts of 
the diet), can learn about the caloric consequences of a par- 
ticular diet. After rats adjust the volume of fluid they con- 
sume so that it matches their caloric needs, they may then 
habitually drink this same volume. Thus, after a period of 
‘caloric learning,’ rats may base their subsequent intake 
upon a fairly simple habit or rule: i.e., consume a volume of 
diet that in the past has provided more or less adequate 
caloric consequences. If rats do base their intake on this 
learned habit, and then the caloric concentration of their diet 
is abruptly changed on a test day, the rats should be more 
inclined to base their consumption upon the previous day’s 
intake than upon the current dilution. Experiment 1 was de- 
signed to test this hypothesis. 

A secondary purpose of the present experiment was to 
provide evidence that rats do not show an initial, uniform 
preference for one concentration of the test diet. 


METHOD 
Subjects 


Fifty-two naive, 300-400 g male hooded rats served as 
subjects (Charles River Breeding Farm, St-Constant, 
Quebec). The rats were housed under a 12 hr light/dark cycle 
(lights on 7:00 a.m.) in individual wire mesh cages, with tap 
water available ad lib. 


Diets 


The test meals consisted of corn oil (Mazola) diluted with 
water to either a 50% or a 20% concentration, and emulsified 
with lecithin (2 g per 100 ml of water). The test meals were 
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prepared each day in an electric blender, and then im- 
mediately presented to the rats for 30 min between 1100 hr 
and 1130 hr, according to the procedures described below. In 
addition, a supplementary meal of Purina rat chow was pre- 
sented 4 hr after the test meal (cf. [14]). 


Procedure 


After a two week period of acclimation to the colony 
room, during which Purina rat chow and tap water were 
freely available, the rats were food-deprived over a 3 day 
period to approximately 90% of their free-feeding weight 
(+2.5%). This level of deprivation was comparable to that of 
rats in previous experiments that had shown immediate 
compensatory changes in intake when tested with new con- 
centrations of the oil/water test diet [14]. 

On the basis of these deprivation weights, two matched 
groups were constructed (n=16). During the 7 day baseline 
phase, one group received a 20% oil/water mixture (i.e., the 
**20%"° group) and the other group received a 50% oil/water 
mixture (i.e., the *‘50%’’ group). These baseline diets were 
presented in a volume that could not be entirely consumed 
within the 30 min access period, and which could not be 
spilled from the sterilized, 100 ml glass containers attached 
to the inside of the rats’ cages. The amount that each rat 
consumed was quantified by weighing the meal container on 
an electronic balance (Mettler) both before and after the 30 
min access period, and then subtracting these two quantities. 
Four hr after access to the oil/water mixtures, the rats were 
weighed and given an amount of Purina rat chow that main- 
tained their weights at approximately 90% of their free- 
feeding level. Thus, over a 24 hr period, both groups experi- 
enced approximately the same condition of food deprivation. 

On the seventh day, half the rats in each group were 
assigned to an experimental condition, and the other half to a 
control condition. The four resulting groups (n=8) were 
matched on the basis of body weight. A compensation test 
occurred on the eighth day, at the regular feeding time 
(1100-1130 hr). During this 30 min period, the two control 
groups received the same concentration of the oil/water mix- 
ture that they had received during baseline (i.e., 20%-20%, 
50%-50%), whereas the two experimental groups received a 
different concentration (i.e., 207%—-50%, 50%-20%). As in 
previous experiments [14], caloric conpensation was meas- 
ured by comparing the amount consumed by rats in control 
conditions to the amount consumed by rats in the experi- 
mental conditions, Some degree of immediate caloric com- 
pensation would be indicated if rats given a lower concen- 
tration drank significantly more than rats given the baseline 
concentration (i.e., 50%-20%>50%-50%). Conversely, rats 
given a higher concentration than baseline should drink sig- 
nificantly less than rats given the same concentration (i.e., 
20%—-50%<20%-20%). 

Preference tests were conducted with two other groups of 
experimentally naive rats, maintained at either 100% (n=10) 
or 90% (n=10) of their free-feeding weights. After 7 days 
habituation to the two glass food containers, the rats’ prefer- 
ences were tested by offering them simultaneous access to 
the 20% and the 50% oil/water mixtures for 30 min, and then 
measuring the amount they consumed of each. 


RESULTS AND DISCUSSION 


Baseline 


As can be seen in Fig. 1 (left panel), rats under compara- 
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ble deprivation conditions drank nearly equivalent amounts 
of the two different oil/water concentrations on the first day 
of exposure. Then, over the next six days, they gradually 
began to drink different, calorically more appropriate 
amounts. These results were confirmed by a repeated meas- 
ures analysis of variance, which showed a significant effect 
of dilution, F(1,30)=6.40, p<0.02, a significant effect of 
days, F(6,180)=68.23, p<0.001, and a significant dilution by 
days interaction, F(6,180)=3.05, p<0.007. Subsequent 
pair-wise comparisons (Newman Keuls, p=0.05) showed 
that rats given the 20% oil/water mixture consumed signifi- 
cantly more than rats given the 50% mixture only on days 3, 
6, and 7. This delayed differentiation of food intake is consis- 
tent with previous findings [12], and supports the view that 
rats gradually learn about the caloric value of new diets, over 
a number of exposures or ‘‘trials.’’ Then, on the basis of this 
learning, they adjust their intake appropriately (cf. [5]). 


Compensation Test 


The results of the compensation test are shown in the 
right-hand panel of Fig. 1. Consumption on this test day did 
not appear to be affected by the test concentration, but in- 
stead reflected the previous day’s intake. First, experimental 
rats that were tested with a 20% dilution (i.e., the 50%-20%) 
did not drink significantly more, 1(14)=0.24, p>0.5, than 
control rats tested with the 50% dilution (i.e., the 50%-50% 
group). Furthermore, these experimental rats did not con- 
sume significantly more of the 20% solution on the test day 
than they consumed of the 50% solution on the preceding 
baseline day, #(7)=1.13, p>0.2. Second, experimental rats 
that were tested with a more concentrated mixture than 
baseline (i.e., the 20%-50% group) did not drink significantly 
less, t(14)=0.58, p>0.5, than the control rats that were 
tested with the 20%concentration (i.e., the 20%—20% group). 
These experimental rats also did not consume significantly 
different amounts of the 50% test mixture than they had con- 
sumed of the 20% baseline mixture on the preceding baseline 
day, #(7)=1.62, p>0.2. Thus, altering the caloric concentra- 
tion of the diets on the test day did not result in a compensa- 
tory change in food intake. 

This finding is consistent with the idea that rats, when 
exposed to calorically significant amounts of a diet, will learn 
to consume a certain volume of the diet, based on post- 
ingestinal caloric consequences. On a test day, in which the 
concentration of the diet is altered, rats tend to base their 
consumption on this learned habit, rather than adjusting their 
intake immediately to the altered concentration. On the 
other hand, this failure to find any indication of immediate 
caloric compensation can be contrasted to the results of 
previous experiments in which rats that had only limited 
exposure to the baseline concentration did show an im- 
mediate adjustment to caloric change [14]. Thus, the only 
condition under which immediate adjustment to caloric 
change has been observed is one in which rats have had 
limited access to small quantities of the oil/water diet during 
baseline. 


Preference Test 


No uniform preferences for either the 20% or the 50% 
concentrations were displayed by rats given simultaneous 
access to the two mixtures. Rats maintained at 100% of their 
free-feeding weights drank a mean of 0.9 ml of the 20% mix- 
ture and 1.6 ml of the 50% mixture, #(9)=1.37, p>0.2. Rats 
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maintained at 90% weight drank a mean of 1.9 ml of the 20% 
mixture and 2.0 of the 50% mixture, t(9)=0.07, p>0.5. Thus, 
since rats do not appear to have initial, uniform preferences 
for one concentration over the other, it is difficult to attribute 
the amount consumed of the two mixtures on test days to a 
simple preference. 


EXPERIMENT 2 


The purpose of the present experiment was, first, to rep- 
licate our previous finding that rats will immediately adjust 
their intake in response to caloric change when they have 
had limited access to small quantities of an oil/water diet 
during baseline, and second, to determine whether the 
caloric value of the baseline diet is used by the rats to make 
this immediate adjustment. We [14] proposed that rats might 
use the caloric information provided by the baseline diet as a 
kind of standard against which the caloric value of the test 
diet could be estimated. If such ‘‘caloric calibration’’ is the 
basis of the immediate compensatory adjustments seen on 
test days, then such adjustments should not occur when rats 
have received a similar, but calorically empty diet during the 
baseline phase. Accordingly, in Experiment 2, rats were ex- 
posed to either the 50% corn-oil/water mixture, or to a calor- 
ically ‘‘empty’’ 50% mineral-oil/water mixture during 
baseline. They were then tested with different concentra- 
tions of corn-oil/water mixtures. According to the calibration 
hypothesis, only rats that received corn-oil diets during 
baseline should show evidence of immediate caloric com- 
pensation. 


METHOD 
Subjects 


The subjects were 36 naive, 300-400 g male hooded rats, 
housed under the same conditions as in Experiment 1, with 
water available ad lib. 


Diets 


The diets consisted of either corn oil or mineral oil, mixed 
with water to a concentration of either 50% or 20%, as well as 
a supplementary meal of Purina rat chow (15 g for rats re- 
ceiving mineral oil and 10 g for those receiving corn oil), 
presented according to the procedures described below. 


Procedure 


The procedures were similar to those used previously to 
demonstrate immediate compensatory changes in intake in 
response to a change in the concentration of a standard 
oil/water mixture (i.e. , 50% corn-oil/water; cf. [14]). On each 
of the seven baseline days before the compensation test, rats 
in one weight-matched group (n= 18) received 30 min access 
to 5 ml of the 50% corn-oil/water mixture, whereas the other 
matched group (n=18) received 30 min access to 5 ml of the 
50% mineral-oil/water mixture. The preparation and presenta- 
tion of both oil diets was identical to that used in Experiment 1. 
The supplementary meal of Purina rat chow was presented 4 hr 
after the oil/water mixtures on each day. By the fourth baseline 
day, the rats consumed both oil/water mixtures within 10 min of 
their initial presentation. 

On the day before the conpensation test, the rats in each 
of the two groups were weighed. Within each group, two 
sub-groups were formed, matched on the basis of weight 
(n=9). The rats in all four groups were approximately 90% of 
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FIG. 2. Mean (+SEM) grams consumed during the test of the 20% 
oil/water concentration (open bars) or the 50% oil/water concentra- 
tion (slashed bars) for rats that had received either 50% corn-oil or 
50% mineral-oil during baseline in Experiment 2. 





their free-feeding weights, and there were no significant 
differences between the groups in their mean weights, 
F(3,32)=0.67, p>0.5. On the test day, rats in each of these 
groups were given either a 50% corn-oil/water mixture, or a 
20% corn-oil/water mixture, and the amount they consumed 
over the next 30 min was measured. Caloric compensation 
was assessed by comparing the amount consumed by rats 
given the dilute concentration (20%) to the amount con- 
sumed by rats given the more concentrated (baseline) con- 
centration (50%). Thus, the design was a 2 by 2 factorial, one 
factor being baseline diet (mineral oil or corn oil), and the 
other factor being test day concentration (50% or 20%). 
Some degree of immediate caloric compensation would be 
indicated if rats given the dilute concentration drank sig- 
nificantly more than rats given the more concentrated 
(baseline) mixture. 


RESULTS AND DISCUSSION 


As can be seen in Fig. 2, the pattern of consumption 
displayed by rats during the compensation test indicated 
some degree of immediate caloric compensation, even in rats 
given no caloric information during the baseline phase (i.e., 
mineral oil). Although the overall magnitude of consumption 
during the test displayed by rats given the mineral oil during 
baseline was far less than the magnitude displayed by those 
given corn oil, each experimental group consumed approx- 
imately twice as much of the dilute mixture than their re- 
spective control groups consumed of the more concentrated 
mixture. These results were confirmed by a 2 by 2 Anova, 
which showed a significant main effect of test dilution, 
F(1,32)=32.25, p<0.001, a significant main effect of baseline 
diet, F(1,32)=25.89, p<0.001, but no significant interaction 
between test dilution and baseline diet, F(1,32)=2.53, p>0.1). 
Orthogonal comparisons of the amount consumed of the 50% 
and 20% oil/water mixtures during the compensation test es- 
tablished that rats drank significantly more of the 20% 
oil/water mixture, whether they had been given corn oil dur- 
ing the baseline period, t(16)=4.42, p<0.001, or mineral oil, 
t(16)=3.58, p<0.001. These results suggest that ‘‘caloric in- 
formation’’ provided during the baseline phase is not a nec- 
essary condition for the compensatory intake behavior seen 
on test days. Thus, these results do not appear to support our 
previous view that rats use the caloric information provided 
during baseline to ‘‘calibrate’’ their intake of different oil 
concentrations on test days [14]. 


TREIT AND SPETCH 


EXPERIMENT 3 


The results of Experiment 2 raise the possibility that rats 
have an inherent ability to immediately ‘‘meter’’ the calories 
contained in oil/water mixtures, and on this basis make ap- 
propriate adjustments to their intake. However, an “‘infor- 
mational’’ hypothesis, such as caloric calibration, might be 
salvaged by assuming that pre-absorptive signals arising 
from the consumption of oily substances are similar for both 
nutritive and non-nutritive oils. In fact, it has been shown 
that some non-nutritive substances, such as saccharin and 
paraffin oil, elicit a ‘“‘preabsorptive insulin release’’ (PIR) 
within the first minute of a meal [3,13]. If such a PIR also 
occurred to mineral oil, it might provide an immediate source 
of ‘‘false’’ caloric information. Although the long term con- 
sequences of ingesting non-nutritive substances would tend 
to counteract any initial similarity in preabsorptive feedback 
signals, these ‘‘false’’ caloric signals might endure, in di- 
minshed form, thus resulting in the small amount of compen- 
satory behavior seen on the test day. A stronger test of the 
calibration hypothesis would be to completely eliminate ex- 
posure to oily substances of any kind during the seven day 
baseline period. If compensatory behavior still occurred on 
the test day after this manipulation, it would be more difficult 
to defend a calibration hypothesis, and at the same time lend 
credence to the notion that rats have an inherent ability to 
**meter’’ the calories contained in oil/water mixtures. 

Accordingly, in the present Experiment, rats were first 
exposed to a seven day baseline condition in which they 
received one small meal of either the 5 ml of 50% oil and 
water, or an approximately isocaloric meal of 5 g of rat 
chow, followed 4 hr later by a larger supplementary meal of 
15 g rat chow. If adaptation to this type of two-meal feeding 
regimen is sufficient for the later emergence of immediate 
caloric compensation, and experience with the specific 
caloric information inherent in or produced by oily diets is 
not necessary, then both groups should show some compen- 
satory behavior on the test day. 


METHOD 
Subjects 


Forty naive, 300-400 g male hooded rats, housed under 
the same conditions as those in Experiments | and 2, served 
as subjects. 


Diets 


The baseline diets consisted of either 5 ml of the 50% corn 
oil/water mixture, or an approximately isocaloric amount (5 
g) of Purina rat chow. The test meal consisted of either the 
50% or the 20% corn oil/water mixture. 


Procedure 


The procedures were basically the same as those used in 
Experiment 2. Two groups, matched on the basis of weight, 
were composed (n=20). One of these groups was given 30 
min access to 5 ml of the 50% corn oil/water diet on each of 
the seven days of baseline, while the other group was given 5 
g of Purina rat chow during the same periods of time. Both 
meals were served in the regular glass containers used in the 
previous experiments. During the baseline phase, each rat 
received 15 g of rat chow 4 hr after access to the smaller 
baseline meal. Just prior to the test day, 10 animals from 
each of the two baseline groups were designated as ‘‘con- 
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FIG. 3. Mean (+SEM) grams consumed during the test of the 20% 
oil/water concentration (open bars) or the 50% oil/water concentra- 


tion (slashed bars) for rats that had received either corn-oil or chow 
during baseline in Experiment 3. 


trols,’’ and the 10 other animals from each group, matched 
on the basis of weight, were designated as ‘‘experimentals.”’ 
All rats were approximately 90% of their free-feeding 
weights and there were no significant differences in the aver- 
age weights of the four groups, F(3,36)=0.02, p>0.5. On the 
test day, ‘“‘controls’’ received 30 min access to an unlimited 
amount of the 50% corn-oil/water mixture, while ‘‘experi- 
mentals’’ received similar access to a 20% corn-oil/water 
mixture. Thus, the design was the same as Experiment 2; 
i.e., a 2 by 2 factorial, one factor being baseline meal (rat 
chow or oil) and the other factor being test day diet concen- 
tration (50% or 20%). Again, compensatory intake would be 
indicated if the rats given the more dilute mixture drank 
significantly more than the rats given the more concentrated 
mixture. 


RESULTS AND DISCUSSION 


Figure 3 shows a pattern of results that are completely 
consistent with those shown in the Experiment 2. Although 
there were substantial differences in the overall intake of the 
two baseline groups during the test day, within each of these 
conditions, the rats given the 20% corn-oil/water concentra- 
tion (experimentals) drank more than rats given the 50% 
corn-oil/water concentration. The reliability of these results 
was confirmed by a 2-way analysis of variance, which 
showed a significant main effect of baseline condition, 
F(1,36)=38.91, p<0.001, a significant main effect of test day 
oil concentration, F(1,36)=10.59, p<0.002, and no signifi- 
cant interaction, F(1,36)=2.52, p>0.1. Orthogonal compari- 
sons once again confirmed that rats given the 20% mixture 
drank significantly more than rats given the 50% mixture, 
whether they had been given oil, (18)=2.55, p<0.01, or rat 
chow, ¢(18)=2.67, p<0.01, during baseline. These results are 
consistent with those of Experiment 2, and suggest that spe- 
cific experience with an oil diet during baseline is not a nec- 
essary condition for the appearance of compensatory intake 
behavior on test days. 


GENERAL DISCUSSION 


The present results clearly show that rats’ response to 
caloric alterations of their diet during a compensation test 
depends upon the baseline conditions of food availability. In 
Experiment 1, rats were exposed during a 7 day baseline to 
timed meals that consisted of unlimited quantities of 
oil/water mixtures. When tested on the 8th day with calori- 
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cally altered concentrations of the oil/water diet, they 
showed no indication of compensating for this caloric 
change; instead they consumed an amount that was com- 
parable to that consumed during their preceding baseline 
meal. This result is consistent with those of several previous 
studies that have failed to find evidence of immediate com- 
pensation for caloric change (e.g., [12]), and suggests the 
operation of a learning mechanism (cf. [5]). During the 
baseline period the rats appear to learn what volume of the 
diet produces optimal post-ingestinal consequences. Con- 
sumption of calorically altered concentrations of the diet dur- 
ing a compensation test is then controlled by a learned habit 
of consuming a certain volume, and appears to be insensitive 
to the caloric density of the test meal. 

In Experiment 2, the rats were exposed to small baseline 
meals of either the corn-oil/water diet, or of a calorically 
empty, mineral-oil/water diet. During the half-hour compen- 
sation test, in which they were given unlimited amounts of 
corn-oil/water mixtures, rats given a 20% mixture consumed 
significantly more than rats given a 50% mixture. This sen- 
Sitivity to caloric density was displayed not only by rats that 
had been exposed to the corn-oil/water diet during baseline, 
but also by rats that had been exposed only to the mineral- 
oil/water mixture. Thus, the rats displayed an immediate 
Sensitivity to caloric density that did not appear to depend 
upon having previously obtained any caloric information 
about the diet. 

In Experiment 3, rats were given small, isocaloric meals 
of either the corn-oil/water diet, or Purina rat chow pellets 
during the 7 day baseline, and then were given either a 50% 
or a 20% corn-oil/water mixture during a half-hour compen- 
sation test. Rats consumed more of the 20% mixture than the 
50% mixture, whether or not they had been exposed to the 
oil diet during baseline. Thus, a sensitivity to the caloric 
density of the corn-oil/water diet appeared even in rats for 
which the diet was completely novel, suggesting that rats 
have some means of ‘‘metering’’ the caloric density of new 
foods. 

We propose, on the basis of these results, that rats use 
two mechanisms for regulating their caloric intake. When 
possible, they appear to regulate caloric intake by learning to 
consume a volume of their diet that provides adequate post- 
ingestinal consequences (cf. [5]). The second mechanism, 
that of ‘‘metering’’ the caloric density of a diet, only appears 
to operate under conditions in which caloric learning has not 
been possible. That is, only when rats have never before 
experienced a particular diet, or have experienced the diet 
only in calorically inadequate quantities, are they able to 
adjust their intake immediately in response to the caloric 
density of the diet. It is important to note in this regard that 
rats in Experiment 1 given the 50% corn-oil diet during 
baseline were equivalent to those given the 50% corn-oil diet 
in Experiments 2 and 3, with the important exception that 
those in Experiment | were given unlimited quantities while 
those in Experiments 2 and 3 were given smaller, calorically 
insufficient quantities. Since compensation occurred in rats 
in Experiments 2 and 3 but not in Experiment 1, it appears 
that the conditions of food availability determine sensitivity 
to caloric change, and thus the propensity to ‘‘meter’’ calo- 
ries as opposed to responding on the basis of a learned habit. 
This two-factor view also appears to be supported by studies 
in humans which suggest that when caloric *‘information’’ is 
limited, control is by caloric metering [6], whereas when 
caloric access is unrestricted, control is by caloric learning 


{11}. 
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Although this two-factor framework seems to account for 
most of the present findings as well as those of previous 
compensation studies in rats, there are two results that seem 
somewhat problematic for this metering/learning view of 
caloric regulation. The first is the finding that rats in Experi- 
ment | did not consume more of the 20% mixture than the 
50% mixture on the very first exposure day. If rats can meter 
the caloric density of new foods as suggested by the results 
of Experiments 2 and 3, then why was a sensitivity to caloric 
density not shown by the rats in Experiment 1 during their 
first encounter with oil/water diets? Two possibilities are 
worth considering. First, the intake of rats in Experiment 1 
was very low on the first day of exposure to the oil/water diet 
and a “‘floor effect’’ may therefore have prevented the rats 
from displaying a sensitivity to caloric density: most rats 
drank minimal amounts of either mixture, presumably be- 
cause of neophobia to the novel oil/water diet. Why a similar 
floor effect did not occur for rats in Experiment 3 during 
their first exposure to the oil/water diet is not entirely clear. 
Deprivation does not seem to be the source of the ciscrep- 
ancy because rats in both experiments were at 90% weight 
when tested for the first time with the oil/water diets. 
Possibly, adjustment to a two meal a day feeding regimen 
during baseline was important, either for reducing 
neophobia, or for encouraging the rats to consume slightly 
more in spite of neophobia. The second possible reason why 
rats in Experiment | did not immediately display a sensitivity 
to the caloric density of the novel oil/water diet, already 
alluded to, is that caloric metering might only be triggered 
when rats have been exposed to calorically inadequate meals 
for several days. A baseline condition in which rats become 
accustomed to meals that provide inadequate post-ingestinal 
consequences may be a necessary condition for the opera- 
tion of a caloric metering mechanism. 

The second, apparently problematic result for the idea 
that rats can directly meter caloric density is our previous 
finding [14] that presentation of a supplementary meal of 
chow immediately following the small meal of an oil/water 
diet during baseline interferes with rats’ tendency to respond 
to caloric change during the compensation test. This result 
suggested to us that post-ingestinal consequences of the 
baseline meals were being used to ‘“‘calibrate’’ the caloric 
density of the baseline oil/water diet, and that the supple- 
mentary meal, if provided too soon after, ‘*masked’’ the post- 
ingestinal consequences of the oil/water diet. The lack 
of compensation under these conditions was therefore in- 
terpreted as a failure to calibrate the oil/water diet during 
baseline and a consequent inability to estimate the caloric 
density of the test diets. However, the present demonstra- 
tions that baseline information about the caloric post- 
ingestinal consequences of the oil/water diet is not necessary 
for positive results on the compensation test calls this inter- 
pretation into question. One alternative interpretation of the 
masking result is that providing the supplementary chow 
meal immediately following the small oil/water meal simply 
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prevented the rats from experiencing calorically inadequate 
meals during baseline: consumption of the small oil/water 
meal and the chow meal may have jointly produced a calori- 
cally satisfactory post-ingestinal consequence. If adaptation 
to calorically unsatisfactory meals is a necessary condition 
for metering to occur, then the masking result would be ex- 
pected. Another, related possibility is that the masking meal 
did not prevent learning about post-ingestinal consequences, 
but instead contributed to what was learned. That is, the 
post-ingestinal consequences of consuming 5 g of an 
oil/water diet plus 15 g of chow may have been sufficient to 
produce a learned habit of consuming approximatley 20 g of 
food, and this habit may have controlled intake during the 
test meal. Consistent with this possibility is the fact that 
these rats consumed an average of about 21 g during the test 
phase of the ‘‘masking’’ experiment (see [14], Fig. 2). 

If rats can meter the caloric density of foods, one might 
wonder why they only appear to do so under fairly limited 
conditions, and why caloric learning appears to be the typi- 
cal means of regulating caloric intake. After all, caloric 
metering is more direct and offers an immediate rather than a 
delayed response to caloric change. However, it may be a 
much less precise mechanism than caloric learning. Cer- 
tainly the amount of compensation for changes in caloric 
density displayed by rats that are presumably using a caloric 
meter is far from perfect (see Figs. 2 and 3). Thus the 
‘**meter’’ may offer only a crude estimate of caloric density, 
and therefore might be used only when a more precise 
caloric learning mechanism is inoperative. 

The idea that rats can regulate their caloric intake either 
on the basis of a learned habit of consuming a certain volume 
of food, or by responding directly to the caloric density of 
the food, is consistent both with previous studies that have 
demonstrated control of meal size by caloric conditioning 
[4,5], and with studies showing that rats’ meal size can be 
controlled by gastric nutrient contents [8,9]. These latter 
studies have led to the postulation of gastric nutrient recep- 
tors. If such gastric receptors do exist, they could form the 
basis of the caloric meter mechanism. Another possible 
mechanism for the caloric meter is pre-absorptive insulin 
release (PIR). If PIR varies with caloric content (cf. [2]), rats 
might be able to adjust their intake according to the size of 
the PIR. Regardless of the mechanism, the present results 
clearly show that rats can respond directly to the caloric 
density of new foods. Whether or not they display this 
caloric sensitivity, however, seems to be determined by 
baseline conditions of food availability. 
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CHAPUT, M. A. Respiratory-phase-related coding of olfactory information in the olfactory bulb of awake freely-breathing 
rabbits. PHYSIOL BEHAV 36(2) 319-324, 1986.—The ‘‘across-neuron pattern’’ theory of olfactory information coding 
states that odorants are represented by spatial patterns of activity produced across-neurons in the olfactory bulbs. The 
present study analyzes the different response patterns encoding olfactory information in both the inspiratory and expiratory 
phases of the respiratory cycles of awake freely-breathing rabbits. We recorded the single-unit responses of 31 neurons to 5 
different odorants, 3 of which were repeatedly delivered 5 times each. These responses were characterized by the change in 
their mean firing activity during the inspiratory and expiratory phases of the respiratory cycles respectively. Their process- 
ing using principal component analyses revealed that both the inspiration- and the expiration-related across-neuron profiles 
of responses contained information appropriate to the specification of each odorant. It was therefore concluded that there 
was a dynamic representation of odorants in the olfactory bulb of awake freely-breathing animals. This alternate represen- 
tation of odorants by two profiles and its physiological significance are discussed. 
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MITRAL cell responses have been extensively studied by 
using electrical stimulation of their afferences in anaesthe- 
tized or curarized animals [12, 23, 30, 33] or in isolated olfac- 
tory bulbs [24, 25, 26]. These second order neurons of the 
ascending olfacto y pathways have been shown to respond 
either by excitation followed by a powerful and long-lasting 
inhibition or sometimes by inhibition only. 

Mitral cells have also been shown to respond by a strong 
suppression to odor stimulation in amphibians and fishes 
[8, 9, 10, 15, 16, 17, 22]. Likewise, Mair [20], Macrides and 
Chorover [19] and Potter and Chorover [29] reported that 
excitation of mitral cells by odorants was followed or some- 
times preceded by a suppression of discharge activity in an- 
aesthetized or curarized mammals with a monitored air flow 
through the nasal cavities. We also found such a phenom- 
enon in freely-breathing rabbits [4, 5, 6, 7]. We have shown 
that olfactory bulb neurons respond by a temporal reorgan- 
ization of their firing activity characterized by changes in 
opposite directions of their inspiration- and expiration- 
related discharge. Their firing rate increases during the in- 
spiratory phases of the respiratory cycles and decreases or is 
suppressed during expiratory phases. 

The present study was therefore undertaken to analyze 
this phenomenon further. In particular, it was concerned 
with the consequences of the respiratory synchronization of 
mitral cell activity on odor coding. Since responsive neurons 
show important differences in their firing rate between in- 
spiratory and expiratory phases, this investigation aimed at 
determining, in the context of an ‘“‘across-neuron’’ pattern 


theory of coding of olfactory information (for review, see 
[14]), which part of the respiration-synchronized neuronal 
activity encoded the characteristics of odorants better: The 
activity measured during the whole respiratory cycle, the 
inspiration-related activity only, or the alternation of inspi- 
ration- and expiration-related activities? 

In an attempt to answer these questions, we recorded the 
single-unit responses of olfactory bulb neurons of awake 
rabbits to repeated presentations of different odorants. This 
procedure of repeated stimulations was chosen in order to 
take advantage of the well-known variability oi olfactory 
bulb responses [1, 2, 7, 11, 13, 21, 27, 29]. We have recently 
reported elsewhere [7] that, in the same experimental condi- 
tions, all neurons investigated changed their response during 
repeated presentations of the same stimulus. However, it is 
hardly conceivable that identical stimulations can induce 
neuronal messages with different informational contents. We 
therefore assume in this study that the across-neuron pat- 
terns evoked by repeated presentations of an odorant did 
contain information appropriate to the specification of the 
characteristics of this odorant. We attempted to determine 
how responses should be analyzed to bring out this informa- 
tion. We supposed that the suitable treatment would be the 
one which would both emphasize the similarities between 
the patterns of activity evoked by the repeated presentations 
of each odorant, and maximize the differences between the 
patterns evoked by the different odorants. For this purpose, 
we carried out principal component analyses [18, 31, 32] on 
the responses characterized by the change in mean firing 
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activity measured: (1) during the inspiratory phases only, (2) 
during the expiratory phases only, (3) during the whole res- 
piratory cycle. 


METHOD 
Surgery 


The surgical preparation of the animals has been fully de- 
scribed elsewhere [3,4] and only a brief description is given 
here. Experiments were performed on male rabbits (Fauve 
de Bourgogne) weighing 1.3 to 1.5 kg at the time of surgery. 
Under deep anaesthesia (Pentobarbital 35 mg/kg IV) and 
aseptic conditions, two ‘‘guide tubes’’ were implanted in the 
skull, one above each olfactory bulb. A small cannula which 
emerged in the anterior part of the nasal cavity through a 
hole drilled in the nasal bone was also fixed to the skull. 
Wounds were powdered with sulfamides and an IM injection 
of penicillin was administered. 


Odor Stimulations 


Four odorous substances were used as stimuli: the rab- 
bit’s food odor (FO), 2-hexanol (HEX), acetophenone (ACE) 
and isoamyl acetate (AA). Food odor and the pure chemical 
odorants w 2 respectively delivered at a concentration of 
5x 10-? and 10~* of the saturated vapour pressure at 21°C. 

Five sec stimulations were delivered to the animal’s nose 
using an air-dilution olfactometer described in detail 
elsewhere [4,5]. A continuous flow (30 I/min) of filtered and 
humidified air was directed towards the nose of the rabbit. 
During stimulation, a fraction of this stream was diverted to 
the selected odor flask before rejoining the main air flow in a 
mixing chamber situated just behind the outlet port. Meas- 
urements with a flame ionization detector showed that the 
concentration of the odorants did not vary more than 5% 
between 5 successive 5-sec stimulations delivered every 30 
sec. 


Recording Techniques 


The recording sessions began 7 days after surgery. For 
each session, a 24-hour fasted rabbit was placed in a restrain- 
ing box and positioned in front of an olfactometer port lo- 
cated in an electrically-shielded and ventilated sound- 
attenuating chamber. A micromanipulator driving a micro- 
electrode was screwed onto one of the previously implanted 
**guide tubes.’’ A small thermistor to record the respiratory 
activity was fitted on the nasal cannula. 

Single-unit activity was recorded with tungsten micro- 
electrodes (1 xm at the tip, 10-12 MQ at 1000Hz) coated up 
to their tips with Insulex. Extracellular potentials were re- 
corded through a high-impedance preamplifier (band pass: 
300-3000 Hz) whose output was displayed on an oscilloscope 
and stored on a multichannel AM-FM cassette recorder for 
later play-back analysis. Respiratory activity (band pass: 
0.1-30 Hz) and stimulation signal were also stored on cas- 
settes. 

Three criteria of selection were applied during microelec- 
trode penetration to provide evidence that the unitary activ- 
ity encountered was from a mitral cell. They have been pre- 
sented in detail elsewhere [7]. They were derived from the 
well-known large size and regular distribution of mitral cell 
bodies in a uniform layer beneath the surface of the olfactory 
bulb. Consequently, the mitral cell layer was located from (1) 
its characteristic background electrical activity [3, 4, 6], (2) 
the depth of penetration of the microelectrode tip [20], (3) the 
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FIG. 1. Two-dimensional mapping of odorants characterized by 
their INSP-response profiles in the vector space defined by the Ist 
and 2nd (A) and 2nd and 3rd factors (B) derived from the principal 
component analysis. In each cluster surrounded by dashed lines, the 
figures indicate the rank order of the presentations of the stimulus 
whose first presentation is symbolized by letters. The percentage of 
the total variance corresponding to each dimension is mentioned. 


extracellular potentials larger than 0.5 mV which are only 
encountered in or near this layer [20, 28, 29]. 

A fourth criterion was added after the conclusion of the 
last experimental session of recordings from each olfactory 
bulb. A marker lesion of the last recording site was made by 
passing a 3 mA cathodal DC current through the microelec- 
trode for 3 sec. Another larger lesion (5 mA, 10 sec) was 
made in the dorsal part of the olfactory bulb to help with 
localization of marker lesions. At the conclusion of the last 
session of recordings from a rabbit, the animal was sacrificed 
by an IV overdose of pentobarbital. Brains were fixed in 
Bouin’s fixative, embedded in paraffin; 7 wm sections were 
cut and stained with hematoxylin. Sections were then 
utilized to verify the placements of the marker lesions. Only 
neurons whose marker lesions were situated in or close to 
the mitral cell layer or whose depth of recording was in ac- 
cordance with the depth of this layer in the sections were 
selected for analysis. 


Experimental Protocol 


A recording session began once a suitable single unit was 
isolated. It consisted of a 2 min recording of spontaneous 
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FIG. 2. Two-dimensional mapping of odorants characterized by 
their EXP-profiles in the vector space defined by the Ist and 2nd (A) 
and 2nd and 3rd factors (B) derived from the principal component 
analysis. Conventions as in Fig. 1. 


activity followed by a control session and 3 test sessions of 
stimulations. The control session was utilized to determine 
the neuron responsiveness to HEX, ACE, AA, FO and toa 
mixture of HEX + ACE. Each stimulus was delivered once 
for 5 sec, the others following at 1 min intervals. Each test 
session consisted of 5 successive 5 sec presentations of the 
same stimulus at 30 sec intervals. One was performed with 
HEX + ACE, and the other two with FO and AA. 


Data Analysis 


Units were first checked carefully for isolation and stabil- 
ity of waveform. The recorded single-unit activity was fed 
into a spike-amplitude discriminator whose pulse output was 
in turn fed into a computer (Exorset, Motorola). This com- 
puter was programmed to store the time intervals between 
the pulses triggered by the neuronal spikes (time resolution: 
0.1 msec), the respiratory waveform (10 msec time bin) and 
the stimulation signal after appropriate digitization. 

The digitized neuronal activity was then analyzed so as to 
preserve information on its temporal relation to the respira- 
tory activity. Twenty sec sweeps time-locked to stimulation 
onset were taken from continuous recordings. Each sweep 
included signals recorded 15 sec prior to stimulation onset 
(pre-stimulus time) and during the 5 sec period of stimula- 
tion. The digitized signals were then processed as follows. 
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FIG. 3. Two-dimensional mapping of odorants characterized by 
their CYCLE-profiles. Conventions as in Fig. 1. 


For each of the respiratory cycles recorded during a sweep, 
we calculated the neuron firing frequency during (1) the in- 
spiratory phase (Fi), (2) the expiratory phase (Fe), (3) the 
whole duration of the respiratory cycle (Fc). Each sweep 
thus yielded as many Fi, Fe and Fc values as there were 
respiratory cycles in the sweep. Fi and Fe frequencies were 
calculated by dividing the number of spikes which occurred 
during the corresponding phase of the respiratory cycle by 
the duration of this phase. Fc frequencies were calculated by 
dividing the number of spikes which occurred during both 
the inspiratory and the expiratory phase by the duration of 
the respiratory cycle. 

Three magnitudes of response of each neuron to a stimu- 
lation were measured to evaluate its change in firing activity 
from its baseline level during the pre-stimulus period: an 
inspiration-related (INSP-), an expiration-related (EXP-) and 
a cycle-related (CYCLE-) response magnitude. They were 
obtained by calculating separately the difference between Fi, 
Fe and Fc frequencies averaged over the 5 sec stimulation 
and the corresponding values averaged over the 15 sec pre- 
stimulus period. These difference measures were preferred 
to either absolute measures or ratio measures because they 
showed the lowest correlation with the baseline activity. 

Three across-neuron profiles of response to a stimulation 
were thus obtained: an INSP-, an EXP- and a CYCLE- 
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FIG. 4. Two-dimensional mapping of odorants characterized by 
their INSP- and EXP-profiles separately. In this case, the matrix 
processed was composed of 31 lines (or neurons) and 40 columns (20 
for INSP-responses and 20 for EXP-responses). The clusters sur- 
rounded by dashed lines correspond to odorants defined by their 
INSP-profiles and those surrounded by dotted lines correspond to 
odorants defined by their EXP-profiles. Conventions as in Fig. 1. 


profile. Each profile was constructed from the response- 
magnitudes of the investigated neurons to like-ranked stimu- 
lations performed with an odorant. The profiles evoked by 
the stimulations were compared through a principal compo- 
nent analysis [18, 31, 32]. This analysis determines the simi- 
larity between the odorants in terms of the degree to which 
they covary in their profiles. It derives factors or axes which 
permit this similarity to be represented in a multidimensional 
vector space as the relative distance between the points rep- 
resenting the odorants. 


RESULTS 


Thirty-one olfactory bulb neurons that satisfied the 
criteria previously defined were included in this study. They 
were recorded from 6 rabbits. Their inspiration-related 
(INSP-), expiration-related (EXP-) and _ cycle-related 
(CYCLE-) response profiles to stimulations were compared 
by using principal component analyses whose results are re- 
spectively illustrated in Figs. 1, 2 and 3. 

Principal component analyses were achieved on the re- 
sponse profiles of the 31 neurons to 20 stimulations per- 


CHAPUT 








FIG. 5. Two-dimensional mapping of neurons characterized by their 
INSP- and EXP-response profiles across odorants separately in the 
vector space derived from the principal component analysis. The ma- 
trix processed was composed of 62 lines (31 for the INSP-responses and 
31 for the EXP-responses of the neurons) and 20 columns (or stimu- 
lations). The black circles correspond to neurons characterized by 
their INSP-profiles and the open circles to the same neurons charac- 
terized by their EXP-profiles. 


formed with 5 different odors. They could therefore yield 
only 4 factors, unless each repetition was considered a priori 
as another independent odor for the purpose of the study. 
These factors account respectively for 62%, 61% and 52% of 
the variance among INSP-, EXP- and CYCLE-profiles. The 
olfactory spaces defined by the 31 neurons are therefore 
multidimensional. However, the Ist factor, represented in 
the figures by the Ist axis, prevails over the others in the 
three analyses, with more than 20% of the total variance. 

Figures 1 and 2 demonstrate that both INSP- and EXP- 
response profiles discriminate the odorants used in this 
study. Regarding the analysis of INSP-response profiles, in 
the 2 planes obtained by combining the first 3 factors (factors 
1-2, Fig. 1A and factors 2-3, Fig. 1B), the points correspond- 
ing to the different presentations of an odorant are grouped. 
The clusters corresponding to the 3 odorants are clearly 
separated from one another. This indicates that the profiles 
evoked by the presentations of an odorant are similar while 
those evoked by different odorants are dissimilar. Figure 2, 
which represents the analysis of EXP-response profiles, 
yields the same results. Thus, it may be concluded that 
INSP- and EXP-response profiles contain information ap- 
propriate to the specification of the characteristics of each 
odorant. 

The comparison of Fig. 3 with Figs. 1 and 2 reveals that, 
in contrast, the CYCLE-response profiles fail to discriminate 
the odorants one from another. If CYCLE-profiles reflected 
their differences accurately, then the clusters of all presen- 
tations of the different odorants should be clearly separated 
in at least the first 2 planes of the multidimensional space. As 
a matter of fact, they are only partially separated in the Ist 
plane (Fig. 3A) and they broadly overlap in the others, as can 
be seen in the 2nd plane (Fig. 3B). 

In order to compare further the inspiration and 
expiration-related neuronal representations of olfactory 
quality, INSP- EXP-response profiles were both processed 
by using the same principal component analysis and repre- 
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FIG. 6. Two-dimensional mapping of odorants characterized by 

their INSP- and EXP-profiles simultaneously in the vector space 

derived from the principal component analysis. In this case, the 

aig was 62 lines and 20 columns as for Fig. 5. Conventions as in 
ig. 1. 


sented in the same system of coordinates. In this case, the 
data were treated as if the INSP-profile and the EXP-profile 
of an odorant were evoked by two different odorants. Each 
odor presentation was therefore characterized by its two 
profiles in the same matrix and thus represented by two 
points in the vector space, as can be seen in Fig. 4. This 
figure first shows that the different presentations of an odor- 
ant lead to two distinct clusters, one for INSP-responses, the 
other for EXP-responses. Furthermore, these clusters oc- 
cupy different areas of the factorial space. In particular, in 
plane 1-2, stimulations are mainly located in the upper 
right-hand side when they are characterized by their INSP- 
profile, and in the lower left-hand side when they are charac- 
terized by their EXP-profile. The two patterns of INSP- and 
EXP-profile clusters thus appear to be approximately sym- 
metrical with an axis drawn at a low angle with respect to the 
2nd axis. This indicates that systematic differences affect 
INSP- and EXP-response profiles whatever the nature of the 
odorant. 

These findings were confirmed by processing the INSP- 
and EXP-response profiles of the 31 neurons to an odorant as 
if they corresponded to a single profile given by 62 (312) 
neurons. Each neuron was therefore characterized by its two 
across-odorant profiles in the same matrix and was then rep- 
resented by two points in the vector space, as can be seen in 
Fig. 5. One corresponded to its INSP-profile and the other to 
its EXP-profile across odorants. Figure 5 mainly shows that 
neurons are nearly all situated on the right-hand side of the 
2nd axis when they are characterized by their INSP-profile 
and on the left-hand side when they are characterized by 
their EXP-profile. This suggests that the INSP-profiles of 
both odorants and neurons are the negative image of their 
EXP-profiles. 

The representation of odorants derived from the same 
analysis is shown in Fig. 6. In this case, the INSP-profile and 
the EXP-profile evoked by each stimulation were considered 
as a single profile and the analysis yielded therefore only one 
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point for each stimulation. The comparison of this figure with 
Figs. 2B and 3B indicates that characterizing odorants by 
both their INSP- and EXP-profiles resulted in a greater dis- 
tance between the different odorants and in a reduction in 
size of the clusters of all presentations of each odorant. In 
other words, chemically-based differences among stimuli 
were emphasized whereas contingent differences were re- 
duced. This indicates that the two types of information char- 
acterizing an odorant, i.e., that contained in the INSP- 
activity and that contained in the EXP-activity, are com- 
plementary to each other, although they are encoded by op- 
posite changes in the neuronal activity. 


DISCUSSION 


The present findings demonstrate that the confusion be- 
tween the different odorants characterized by their 
CYCLE-response profiles becomes a statistical differentia- 
tion when they are characterized by their INSP- or EXP- 
profiles. This differentiation is increased by characterizing 
the odorants by their two profiles simultaneously. 

The confusion between odorants characterized by their 
CYCLE-profiles is not surprising. Its causes can be found in 
the response magnitudes which compose these profiles. 
Even for responsive neurons, CYCLE-activity did not 
change markedly between the pre-stimulus and stimulation 
periods since the increase in their firing frequency during the 
inspiratory phases was counterbalanced by a decrease dur- 
ing the expiratory phases. Therefore, CYCLE-magnitudes 
did not differ between responsive and non-responsive 
neurons and consequently the CYCLE-profiles did not dis- 
criminate between the different odorants. Since CYCLE- 
profiles did not reflect differences among the odorants, it 
may be assumed that awake animals do not base the analysis 
of their olfactory environment on their olfactory bulb activ- 
ity integrated over the whole duration of the respiratory cy- 
cle. 

Principal component analyses revealed that both INSP- 
and EXP-profiles were discriminating of the differences be- 
tween the odorants. The discrimination of odorants charac- 
terized by their INSP-profiles was expected. It strengthens 
the assumption that information is coded in the olfactory 
bulb by a distribution of activity over a whole set of neurons 
rather than by a small number of neurons specific to a 
stimulus. By contrast, the discrimination between odorants 
characterized by their EXP-profiles is more surprising. It can 
however be explained by comparing the two profiles of each 
stimulus. EXP-profiles look like the ‘‘negative image’’ of 
INSP-profiles. This occurred because neurons in awake 
rabbits generally respond by an increase in activity during 
the inspiratory phases and by a decrease during the expira- 
tory phases of the respiratory cycles. Since the more con- 
spicuous difference between the INSP- and EXP-profiles of 
a stimulus was the direction of the changes in firing activity, 
this may explain why information on the qualitative differ- 
ences between odorants was also contained in EXP-profiles. 

Repeated stimulations were introduced in the stimulus 
protocol to take advantage of the well-known variability of 
the responses of olfactory bulb neurons [1, 2, 7, 11, 13, 21, 
27, 29]. We thought it would be interesting to make a com- 
parison between the response profiles of different odorants 
and those evoked by several presentations of an odorant. We 
expected this between-stimulus versus within-stimulus com- 
parison to allow us to differentiate between chemically- 
based differences in the profiles and contingent differences 
due to the variability in the neuron responses. The variability 
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of the responses processed in this study has been investi- 
gated [7]. All neurons responding by excitation or inhibition 
during inspiration and/or expiration to the first presentation 
of a stimulus have been found to be inconstant in some of 
their responses to subsequent stimulations. Likewise, the 
majority of the neurons which failed to respond to the first 
Stimulation have also been found to be inconstant. However, 
this variability did not blur the characteristic features of the 
across-neuron profiles of an odorant. The principal compo- 
nent analyses performed in this study led to the same con- 
clusion. Chemically-based similarities and differences 
among odorants are reliably encoded in INSP- (Fig. 1) and 
EXP-profiles (Fig. 2) of neuron responses throughout the 
entire sequence of stimulations. 

The simultaneous analysis of INSP- and EXP-response 
profiles increased the distance between the odorants and re- 
duced the dispersion of the points corresponding to the re- 
peated presentations oi each odorant. Taken together, the 
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two profiles of chemically-different stimuli were therefore 
more discriminating than only one of them. This result may 
have particular relevance for the coding of information in the 
olfactory bulb of awake freely-breathing animals. A dynamic 
coding of odors may be assumed. Odorants would induce a 
spatial distribution of activity during the inspiratory phases 
of the respiratory cycles followed by a different distribution 
during the expiratory phases. This alternate appearance of 
two activity distributions containing non-ambiguous infor- 
mation on the characteristics of the stimuli could be used by 
the animal to improve its discrimination of the odorants. 
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BALDWIN, B. A. AND S. N. THORNTON. Operant drinking in pigs following intracerebroventricular injections of 
hypertonic solutions and angiotensin II. PHYSIOL BEHAV 36(2) 325-328, 1986.—The effect on operant drinking of 
intracerebroventricular injections of the following solutions has been investigated; (la) hypertonic saline, (1b) hypertonic 
sugars, (2) angiotensin II (Ang II) dissolved in water or dextrose, and (3) Ang II dissolved in saline. Hypertonic (0.85 M) 
NaCl caused drinking in all pigs tested, but hypertonic (1.7 M) xylose, glucose or sucrose were less effective, indicating 
involvement of a cerebrospinal fluid sodium receptor mechanism as well as an osmoreceptor mechanism in the drinking 
responses. Angiotensin II in 0.15 M NaCl caused drinking in all pigs but when dissolved in water or dextrose it was 
ineffective. Injection of Ang II with hypertonic NaCl produced drinking similar in volume to the sum of the amount drunk in 
response to the individual stimuli. These results indicate that, in the pig, drinking in response to Ang II requires the 


presence of sodium ions. 
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INTRACEREBROVENTRICULAR (ICV) injections or 
slow infusions of hypertonic NaCl cause drinking in many 
species including rats [6], pigeons [7], dogs [14], goats [3] and 
sheep [9]. By contrast, hypertonic nonelectrolyte solutions 
infused centrally are less effective dipsogens [3, 6, 7, 9, 12], 
except in the dog in which sucrose is as potent as equiosmo- 
lar solutions of NaCl [14]. 

In several species it has been shown that when 
angiotensin II (Ang II) is infused ICV together with hyper- 
tonic NaCl the drinking response is increased compared with 
the response to the individual stimuli. For example, in the rat 
[6] and pigeon [8] the water intake in response to the com- 
bined stimuli is similar to the sum of the individual re- 
sponses. However, in the goat the volume consumed is much 
greater than the sum of the responses to the individual stim- 
uli [3]. It has been suggested that the extra water intake 
produced by Ang II plus sodium in goats may be due to a 
stimulatory action of Ang II on a central sodium sensitive 
receptor mechanism [2,4]. 

In this laboratory the young pig has been used extensively 
in studies on the central and peripheral factors regulating 
food and fluid intake and methods have been developed for 
the injection of substances into the lateral cerebral ventricle 
without disturbing the animal [5,13]. In the present study we 
have investigated the effect on operant drinking in the pig of 
ICV injections of hypertonic electrolyte and nonelectrolyte 
solutions with and without the addition of Ang II. 


METHOD 


Nineteen male and female Large White pigs (20-30 kg) 
were trained to press a panel with their snouts to obtain food 


and water. Under general anaesthesia each pig was im- 
planted surgically, using sterile precautions, with a guide 
tube aimed at the lateral cerebral ventricle. The guide tube 
was protected by a stainless steel cap and both were 
cemented to the skull with dental acrylic polymer. An in- 
dwelling cannula was placed in the guide tube and a vinyl 
tube (0.d.=48 mm, i.d.=10 mm) connected the cannula to a 
Luer hypodermic fitting which was plugged between injec- 
tions. Following standard practice in this laboratory, cannula 
placement was verified by (a) ease with which saline ran 
down the tube into the ventricle and (b) the drinking re- 
sponse to injection of 1 ml of 0.85 M NaCl. Animals that 
failed to drink to this challenge were excluded from the ex- 
periment. 

Throughout the experiment the pigs lived in individual 
metabolism cages equipped with separate panels delivering 
food (20 g) and water (50 ml) on a fixed ratio of 5:1. Food and 
water were available ad lib. The volume of water drunk was 
calculated by multiplying the number of rewards by the vol- 
ume delivered for each reward. 

Three studies were carried out to determine the volume of 
water drunk in response tc: 1. Isotonic or hypertonic NaCl 
or various hypertonic non-clectrolyte solutions infused ICV, 
2. Ang II infused ICV with and without sodium in the vehi- 
cle, 3. Ang II infused ICV with 0.5 M or 0.85 M NaCl as the 
vehicle. 

Animals were handled regularly to accustom them to the 
injection procedure. The ICV injections were given in the 
morning and the pattern of drinking recorded for the 30 min 
before and for the 30 min after each injection. To obviate 
sequential effects all the ICV injections were repeated on 
different days in a non-systematic order. Animals that drank 
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FIG. 1. The total volume of water drunk (calculated from the 
number of reinforcements times volume delivered) by pigs during 30 
min before (empty columns) and 30 min following (filled columns) a 
1 mi ICV injection of equiosmolar solutions of NaCl or various 
non-electrolytes. ICV injection of 0.15 M NaCl served as the con- 
trol. Number of pigs in parentheses. 


more than | litre during the 30 min before the injection were 
excluded from the results due to the known effect of 
intragastric preloads of water to decrease subsequent stimu- 
lated drinking [1]. All injections were given over 30-60 sec in 
1 ml volumes. All solutions were made up fresh on the day of 
the experiment and passed through a 0.22 wm millipore filter 
(Miller-GS). Angiotensin II was made up in a concentrated 
solution of 20 zg/ml and diluted on the experimental day in 
the test solution to give a final concentration of 100 ng/ml. 


Statistics 


All the results are presented as mean+standard error of 
the mean. Comparison within groups are made using paired 
‘t’ test unless otherwise stated. 


RESULTS 
1.(a) Response to Hypertonic NaCl 


Intracerebroventricular injections of hypertonic (0.85 M) 
NaCl caused drinking in the 30 minutes following the injec- 
tion, in all pigs which were tested (Fig. 1). The volume of 
water drunk in response to the hypertonic NaCl was signifi- 
cantly greater than that drunk after the control injection (0.15 
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FIG. 2. The total volume of water drunk by pigs during the 30 min 
before (empty columns) and the 30 min following (filled columns), a 
1 ml ICV injection of Angiotensin (All) in various solutions; 0.15 M 
NaCl, water or 0.28 M dextrose. ICV injection of 0.15 M NaCl 
served as the control. Number of pigs in parentheses. 





M NaCl) (p<0.001) or that drunk during the pretreatment 
period (p<0.001). The pigs pressed rapidly on the water 
panel and often drank after several 50 ml deliveries had been 
obtained. 


1.(b) Responses to Hypertonic Non-Electrolyte Solutions 


Injection of non-electrolyte solutions equiosmolar to 0.85 
M NaCl (1.7 M xylose, 1.7 M glucose and 1.7 M sucrose) 
produced an intake of water which was not significantly dif- 
ferent from that induced by their own saline control injection 
(Fig. 1). However, the volume drunk during the 30 min fol- 
lowing the injection of the sugar solutions was significantly 
greater than that consumed during the 30 min before the 
injection (xylose, p<0.05; glucose, p<0.05; sucrose, 
p<0.05). Volumes consumed in response to the non- 
electrolyte solutions were much smaller than the intake fol- 
lowing equiosmolar NaCl solution injected ICV (Fig. 1). 


2. Response to Angiotensin II 


Angiotensin II (100 ng) dissolved in 1 ml of 0.15 M NaCl 
caused drinking in all pigs tested. The volume of water con- 
sumed in the 30 min following the injection was significantly 
greater than that drunk in the 30 min following ICV injection 
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+All AIL + All 
FIG. 3. The total volume of water drunk by pigs during 30 min before 
(empty columns) and the 30 min following (filled columns) a 1 ml 
injection into a lateral cerebral ventricle of isotonic or hypertonic 
NaCl solutions alone or in combination with 100 ng Angiotensin II 
(AID). The ICV injection of 0.15 M NaCl served as the control. 


of 0.15 M NaCl (<0.001) (Fig. 2). The volumes of water 
consumed in response to ICV injections of Ang II in solu- 
tions that did not contain sodium (i.e., water or 0.28 M dex- 
trose) were not significantly different from the volume of 
water consumed after an ICV injection of 0.15 M NaCl (Fig. 2). 


3. Response to Angiotensin II and Hypertonic NaCl 


Increasing the concentration of sodium injected with the 
Ang II produced the results illustrated in Fig. 3. The hyper- 
tonic NaCl solutions (0.5 M or 0.85 M) caused drinking 
which started with a short latency (0.98+0.24 min for 0.5 M 
NaCl and 0.46+0.11 min for 0.85 M NaCl, compared with 
2.25+1.15 min for 0.15 M NaCl). The volumes of water 
drunk in response to the ICV injections of hypertonic NaCl 
were significantly greater than the volume drunk in response 
to ICV 0.15 M NaCl (0.5 M NaCl, p<0.02; 0.85 M NaCl, 
p<0.02). Angiotensin II caused drinking, with a latency of 
1.85+1.11 min, when injected ICV in 0.15 M NaCl. When 
injected ICV in 0.5 M NaCl or 0.85 M NaCl Ang II produced 
a larger intake of water than that seen following Ang II in 
0.15 M NaCl. However, as can be seen from Fig. 3 the total 


volume of water consumed in response to Ang II dissolved in 
0.5 M NaCl (1327+230 ml) was not different from the sum of 
the intakes following Ang II alone (i.e., intake following Ang 
II in 0.15 M NaCl minus intake following 0.15 M 
NaCl=278+105 ml) plus the intake following 0.5 M NaCl 
(878+112 ml). Similarly, the drinking response following 
Ang II dissolved in 0.85 M NaCl (2077+413 ml) was not 
significantly different from the sum of the intake following 
Ang II alone (278+105 ml) plus the volume consumed in 
response to 0.85 M NaCl (1259+328 ml). 


DISCUSSION 


Central injections of hypertonic NaCl solutions which 
increased cerebrospinal fluid (CSF) osmolality and sodium 
concentration produced drinking in pigs. However, ICV 
injections of solutions of nonelectrolytes of comparable 
tonicity, which increased CSF osmolality but decreased 
sodium concentration, were less effective. Angiotensin II 
injected ICV also produced drinking in pigs but only when 
given in the presence of sodium. The dipsogenic effects of 
Ang II and hypertonic NaCl injected ICV together were 
additive. 

Drinking after ICV injection of hypertonic solutions could 
be mediated by an osmoreceptor [15], a CSF sodium 
receptor mechanism [2] or some combination of the two. 
Results from experiments in other species suggest that both 
types of receptor may be involved in producing the drinking 
response but the degree of involvement of the two systems 
may vary. For example, in the sheep [9], goat [10], rat [6] and 
pigeon (6) ICV administration of hypertonic sugar solutions 
does not elicit drinking unless the sugars are given in the 
presence of sodium ion. The final response is less than the 
drinking in response to an equivalent amount of NaCl. 
However, in the dog [14] hypertonic sucrose given in the 
presence of sodium induces drinking as effectively as 
hypertonic NaCl when injected ICV. The situation in the pig, 
as demonstrated in the present study, also appears to involve 
both types of receptor mechanism since the sugar solutions 
also stimulated drinking. However, the fact that they were 
less effective than the saline solution of equal tonicity, 
suggests that osmoreceptors may not be involved to the 
same extent as a CSF sodium receptor mechanism. 

Central injections of Ang II in isotonic saline have been 
shown to induce dose related consummatory drinking in the 
pig [11]. In the present experiment it has been further shown 
that the dipsogenic action of Ang II seems to require a 
threshold level of sodium in the CSF since Ang II was 
ineffective in stimulating drinking when injected ICV in 
water or dextrose solution. In the presence of hypertonic 
saline, the effects of Ang II and NaCl were found to 
summate, indicating that there are two receptor systems 
operating which act independently. Similar results have been 
reported in pigeons [8] and rats [6] but in the goat the two 
systems appear to interact synergistically since the total 
intake after Ang II plus hypertonic NaCl was much greater 
than the sum of the responses to the individual stimuli [2, 3, 4]. 

In the light of these various findings, it appears that 
significant species differences exist in the relative 
importance of osmo-, CSF sodium, and Ang II receptor 
mechanisms in the regulation of centrally-induced drinking. 
It may be that ruminants differ from monogastric species in 
the receptor systems involved. 
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WATSON, P. J., S. BEATEY, F. WAGNER AND T. STAHL. Water adulteration with citric acid: Effects on drinking 
and responsivity to regulatory challenges. PHYSIOL BEHAV 36(2) 329-338, 1986.—Rats with permanent access to a 
water supply adulterated with citric acid (CA) displayed persistent reductions in fluid intake and fluid/food ratios; and at 
appropriate concentrations of CA, they also exhibited lowered body weights and drinking deficits after fluid deprivation 
and after hypertonic NaCl injections. Unlike rats in previous investigations that were forced to consume quinine adul- 
terated water, CA drinkers exhibited (1) less disruption in their ingestive behavior following regulatory challenges, (2) 
diminished short-term but greater long-term abilities in responding to hypovolemia, and (3) an ability to increase fluid 
intake after fluid deprivation plus hypertonic NaCl. These data reveal that substances which degrade the taste quality of 
water do not exert a unitary influence on fluid intake, and they further underscore the complexity of ecological factors 


involved in controlling drinking behavior. 
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ATTEMPTS to document the contributions of palatability 
factors to consummatory behavior have involved manipula- 
tions that both enhance and degrade the taste qualities of 
ingestibles. For example, sweetened food [7,8] and fluid 
supplies [4, 5, 27] have been presented to experimental 
animals to determine if increases in intake and/or body 
weight would result; and adulteration with quinine, among 
other ill tasting substances, has been used in attempts to 
produce intake declines [17, 18, 20]. Furthermore, the ability 
of subjects to eat [2, 9, 32] and to drink [3, 16, 26] following 
regulatory challenges has been examined as a function of the 
palatability variable. 

Since changes in the taste properties of ingestibles fre- 
quently involve alteration of more than one variable at a 
time, confident identification of the palatability dimension as 
critical may require prolonged examination (see e.g., [7,27]). 
The use of quinine as a food adulterant serves as an illustra- 
tion of some of the difficulties involved. While such adulter- 
ation reduces ad lib intake [17,20] and responsivity to 
glucoprivation [2,9], it is not clear that these effects are due 
to the bitter taste; since bitter sucrose octaacetate (SOA) 
fails to produce such profound effects [9,11]. The ability of 
quinine food adulteration to produce weight loss also ap- 
pears to be at least partially independent of its palatability 
effects [6,11]. 

Such data are consistent with the suggestion that 
postingestive rather than palatability factors mediate the 
quinine food intake findings. Indeed, the possibility that 
quinine food adulteration produces malaise and a con- 





ditioned taste aversion is supported by the observations that 
rats eventually prefer an SOA adulterated diet originally 
made more bitter than a quinine adulterated diet [1] and that 
intragastric intubation with a quinine solution is like intuba- 
tion with lithium chloride in eliciting pica. These findings led 
Kratz and Levitsky [10] to suggest that ‘‘caution should be 
exercised in interpreting the results of experiments con- 
ducted with quinine, since the confound of oral and physi- 
ological factors may yield ambiguity rather than clear con- 
clusions”’ (p. 853). 

While this need for caution has been made explicit in the 
food adulteration literature, a similar sensitivity has not been 
as strongly emphasized in fluid intake studies; and an ability 
to understand the role of lowered palatability in controlling 
water intake clearly requires a demonstration that observed 
effects are not quinine specific. Furthermore, this problem is 
of added significance because the diminished capability of 
quinine drinkers to respond to water regulatory challenges 
[16,26] serves as one strand of evidence in recent discussions 
concerning the relative merits of homeostatic and ecological 
explanations of consummatory behavior (e.g., [19, 24, 25]). 
Quinine subjects, for example, do not show fluid intake in- 
creases after hypertonic saline injections; and in fact, their 
behavioral characteristics reveal an active inhibition of in- 
gestion ([16] p. 821). This active inhibition argues against 
homeostatic explanations that identify internal physiological 
states as the necessary and sufficient triggers of drinking 
behavior; and based on this and other complementary evi- 
dence, Rowland [24] has suggested, ‘‘Environmental con- 
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Straints . .. may normally override . . . systemic variables 
[which] alone may allow only a meager level of food and 
water intake’’ ((24] p. 269). 


EXPERIMENT 1 


Citric acid (CA) is a sour substance used by other re- 
searchers to suppress ingestive behavior [15,20], and the 
central goal of this and the subsequent two studies was to 
document the effects of CA adulteration on drinking behav- 
ior. In addition, it was possible to use previously reported 
quinine findings as a counterpoint against which the concep- 
tual significance of the obtained results could be evaluated. 
Among the broad array of responses to long-term quinine 
water adulteration are the following [16, 26, 37]: (1) active 
initial rejection of the adulterated fluid in some subjects to 
the point of death; (2) a lasting reduction in ad lib drinking, 
eating, and fluid/food ratios; (3) lowered body weights; (4) 
diminished drinking after fluid deprivation; (5) near zero 
drinking during food deprivation and during access to a 
hypoosmotic vegetable and fruit diet; (6) lowered responsiv- 
ity to the extracellular thirst challenge presented by poly- 

thylene glycol (PG) injections; (7) in the hours after PG 
treatment, a severe rejection of quinine fluid and death in 
some subjects; and (8) an almost total elimination of drinking 
after acute intracellular dehydration. This first experiment 


sought to determine if similar effects occur with CA adulter- 
ation. 


METHOD 
Subjects 


Thirty-six experimentally naive adult male Long Evans 
hooded rats served as subjects. Initial weights were 487+5 g 


(mean+S.E.M.), and these animals were obtained from the 
departmental colony which was bred from stock originally 
purchased from Blue Spruce Farms (Altamont, NY). 


Procedure 


Rats were housed individually in 7x7x9.5 in stainless 
steel cages. Room lights were turned on at 8:00 hr and turned 
off at 20:00 hr, and the ambient temperature was maintained 
at 72°F. All experimental procedures were initiated at ap- 
proximately 13:00 hr. 

Assignment to one of four groups was accomplished in a 
quasi-random manner that ensured essentially equal starting 
weights. Six subjects were placed in the Control group with 
ten in each of the CA groups which differed in the concen- 
tration of adulterated drinking solution presented in the 
home cage: 0.5% w/v CA, 1.0% CA, and 1.5% CA. Except 
during specific conditions noted below, the appropriate fluid 
and Purina Lab Chow pellets were made available ad lib; and 
throughout all procedures, food and fluid intakes were de- 
termined by weighing supplies of these ingestibles both be- 
fore and after each interval of interest. Intake amounts rep- 
resented the amount left over subtracted from the amount 
presented with care taken to collect all food spillage. 

Starting on Day 1, experimentals received the appropriate 
CA solution instead of water as their only fluid source while 
controls continued to receive water. CA subjects were given 
two weeks to adapt to the adulterated fluid; and daily food 
intake, fluid intake, and body weight measures were ob- 
tained. Thereafter, experimental manipulations were ad- 
ministered with no more than one manipulation per week. 
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FLUID INTAKE (9) 








DAYS 
FIG. 1. Mean daily body weight, food intake, and fluid intake for 
controls given ad lib water and for experimentals given permanent 
access to 0.5% citric acid (CA) solution, to 1.0% CA solution, or to 
1.5% CA solution (Days 1-14). 


The various conditions were examined in the sequence listed 
below. 


Food Deprivation 


Subjects were food deprived for 24 hours; and fluid in- 
takes on the days before, during, and after this treatment 
were recorded as were food intakes on the days before and 
after. 


Fluid Deprivation 


Fluid supplies were removed from the home cage for 24 
hours. When fluids were returned, no food was made avail- 
able in the first post-deprivation hour; but both food and 
fluid were presented and measured during the next three 
hours. 


Fruit and Vegetable Diet 


For two days, fruit and vegetables were substituted for 
the lab chow. This hypoosmotic diet consisted of potatoes, 
lettuces, carrots, and apples; and it was sufficient for the 
hydrational needs of the subjects. 


Intracellular Fluid Depletion 


Drinking after injection of 3 ml of 1M NaCl solution was 
recorded to determine responsivity to cellular dehydration. 
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TABLE 1 


MEASURES OF INGESTIVE BEHAVIOR AND BODY WEIGHT (MEAN + S.E.M.) DURING FOOD AND 
FLUID DEPRIVATION AND DURING HYPOOSMOTIC DIET PROCEDURES 





Procedure: Variable 


Time Interval 


Control 0.5% 


Group 


CA 1.5% CA 





Food Deprivation: Daily Fluid Intake 
Before 41.2+ 3.9 
During 25.2 + 6.0t 
After 56.7 + 3.4f 

Food Deprivation: Daily Food Intake 
Before 23.52 22 29.4 + 
After 35.3 + 1.3T 35.9 + 

Fluid Deprivation: Post-Deprivation Drinking 
First Hour 13.0+ 0.5 14.2 + 
Last 3 Hours 48+ 0.7 48+ 


34.4 + 
13.6 + 
47.4 + 


2.1 
pA ag 
3.47 


I+ I+ I+ 


1.8 
1.67 


i+ I+ 


1.0 
0.3 


I+ I+ 


Fluid Deprivation: Deprivation and Post-Deprivation Eating 


19.6 + 
6.3 + 


During 17.2+ 0.8 
Last 3 Hours 5.0+ 0.4 
Hypoosmotic Diet: Daily Fluid Intakes 
Before 468+ 5.3 
Day 1 532% 18t 
Day 2 45+ 1.2t 
After 63.7 + 6.3+ 
Hypoosmotic Diet: Body Weight 
Before 496 + 16.9 
Day 1 500 + 17.7% 
Day 2 487 + 16.8 
After 476 + 16.17 
Hypoosmotic Diet: Daily Food Intake 
Before 31.3+ 1.6 
After 34.5+ 1.2T 


33.9 + 
4.9 + 
2.8 + 

48.6 + 


29.6 + 
32.8 + 


497 + 14.8 
498 + 14.4 
486 + 13.6t 
476 + 12.77 


1.3 
0.8 


1.0 
0.7 


2.4* 
0.5 
0.47 
Ee ag 


Pg 
0.6 
Fa | 
1.9*+ 


I+ I+ It I+ 


11.4 
11.0 
11.7 
10.87 


I+ I+ It I+ 
I+ + It I+ 


1.7 
1.97 


28.5 
31.9 


0.7 
1.5t 


w Ww 
mS 
UU 
I+ I+ 


pw 


= 
mo 





*Between group comparison with CA group significantly different from controls, p<0.05. 
tWithin group comparison with daily measure significantly different from ‘‘Before’’ measure, 


p<0.0S5. 


For the three days prior to experimental treatment, subjects 
were familiarized with the injection procedure; and then on 
the next day, a control session was conducted by using IP 
injections of physiological saline. NaCl treatment followed 
on the next day; and one hour prior to both sessions, all food 
was removed from the home cage to help ensure that differ- 
ential eating across the four groups did not result in group 
differences in hydrational needs. Fluid intakes in the absence 
of food were recorded for the four hours after treatment, and 
overnight food and fluid intakes were also monitored. 


Extracellular Fluid Depletion 


Injections of 30% w/v polyethylene glycol (PG), 10 cc/kg 
body weight, were next used to produce loss of extracellular 
fluid volume. Injections were given subcutaneously in the 
back and were once again preceeded by three days of 
familiarization trials. A within subject procedure was em- 
ployed in which drinking after a control injection was com- 
pared with drinking after PG. Four days intervened between 
the two treatments, and half of each group received the PG 
treatment first followed by the control injection with a rever- 
sal of this sequence for the other half. No sequence effects 
were apparent; so, this variable was ignored in data analysis 
procedures. Food was once again removed one hour prior to 


treatment, and drinking was monitored during the four hours 
after injections when no food was made available. Both fluid 
and food intake during the next 20 hours were also recorded. 

Drinking following extracellular fluid depletion was weak 
for all subjects, so weak in fact that not even controls dis- 
played a significant increase in fluid intake. This problem 
presumably arose because subcutaneous PG apparently 
causes a sequestering of sodium as well; and as a conse- 
quence, the consumption of hypotonic solutions produces an 
osmotic dilution that inhibits further fluid intake [28]. Elimi- 
nation of this problem can be accomplished by substituting 
physiological saline for water during PG drinking trials (e.g., 
(31]), and this procedure was followed during a reexamina- 
tion of CA subject responsivity to hypovolemia. All proce- 
dures remained essentially the same except physiological 
saline was presented as the only fluid source following PG 
This solution was of course adulterated appropriately for the 
experimental groups. Only data from the second set of PG 
sessions are reported. 


Terminal Ingestive Behavior 


After recovery from the PG procedures, animals were re- 
examined for three consecutive days in order to ascertain 
final fluid and food intakes, fluid/food ratios, and body- 
weight. 
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TABLE 2 


MEASURES OF INGESTIVE BEHAVIOR AND BODY WEIGHT (MEAN + S.E.M.) DURING OSMOTIC 
AND VOLEMIC THIRST CHALLENGES AND AT THE END OF THE EXPERIMENT 





Procedure: Variable 


Specific measure Control 


Group 


0.5% CA 





NaCl Treatment: 4 hr Fluid Intakes 
Con. Session 25-2 02 
NaCl Session 9.2 + 1.37 
NaCl Treatment: Next 20 hr Fluid Intakes 
Con. Session 37.2 + 4.4 
NaCl Session a5. 54 
NaCl Treatment: Next 20 hr Food Intakes 
Con. Session 253 2+ 13 
NaCl Session a8 = 15 
PG Treatment: 4 hr Fluid Intakes 
Con. Session Lo £ 49 
PG Session 18.5 + 1.4t 
PG Treatment: Next 20 hr Fluid Intakes 
Con. Session Be t= 23 
PG Session 89.5 + 3.77 
PG Treatment: Next 20 hr Food Intakes 
Con. Session rt Se 0.9 
PG session 29.0 1.17 
Terminal Measures 
Fluid 
Food 
Fluid/Food 
Body Weight 
Weight % 


2.1 
6.7 


31.5 
29.8 


26.6 
26.6 


y Be 
3.8 


26.0 
68.2 


30.3 
25.9 


I+ I+ 


38.5 
28.2 
1.35 
513 
106 


3.7 
iS 
0.1 
19.6 
1.0 


32.5 
29.3 


512 
105 


i+ H+ I+ I+ I+ 


1.11 


2.5 
6.8 


27% £03 
5.7 + 0.6T 


I+ I+ 
I+ I+ 


27.3 
28.5 


1.8 
1.6 


27.2 
28.1 


2.2 
1.2 


i+ I+ 


It I+ 


26.0 
25.4 


0.7 
0.8 


28.2 
26.3 


1.1 


I+ I+ 
I+ I+ 


2.3 
4.6 


0.5 
0.6*+ 


27 
5.8 


I+ I+ 


It I+ 


23.3 
55.6 


ee 
3.0*7 


20.4 
52.8 


It I+ 
It I+ 


27.7 
19.3 


1.0 
2.6*t 


28.1 
19.9 


I+ I+ 
I+ I+ 


1.3 
0.8 
0.1* 
14.1 
1.0 


1.6 
1.5 
0.1* 
14.4 
1.0 


32.1 
27.9 
1.15 
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30.5 
27.5 
Liz: 
486 
101 


I+ I+ I+ I+ I+ 
I+ I+ I+ I+ I+ 


1.0* 





*Between group comparison with CA group significantly different from controls, p<0.05. 
+Within group comparison with the treatment session measure significantly different from the 


control (con.) session measure, p<0.05. 


Statistical Procedures 


Between group comparisons involved use of unequal N 
ANOVAS followed by appropriate post hoc tests using the 
Student-Newman-Keuls procedure (p<0.05). For economy 
sake, specific results of individual analyses will not be pre- 
sented; and discussion of significant between group effects 
will focus exclusively on those analyses in which the null 
hypothesis was rejected with the ANOVA and in which clear 
group differences emerged with the post hocs. For within 
comparisons, correlated t-tests were utilized (p<0.05). All 
reports of descriptive statistics involve presentation of the 
mean+S.E.M. 


RESULTS AND DISCUSSION 


All CA animals made an adequate adjustment to the adul- 
terated fluid, and data characterizing their initial responses 
are summarized in Fig. 1. Body weight reductions were im- 
mediately apparent in the CA groups, but significant be- 
tween group differences were not obtained because of high 
within group weight variability. Daily weights consequently 
were expressed as a percentage of initial weights, and signif- 
icant reductions were apparent for all three groups during the 
early adaptation days and were roughly proportional to CA 
concentration. Only the 1.0% and the 1.5% CA groups were 
significantly lower than controls by the last adaptation day, 
however. Significant food intake reductions appeared im- 


mediately after adulteration, but were no longer evident after 
six days. CA fluid intake remained lower than that of con- 
trols throughout the first two weeks, as did fluid/food ratios. 
Illustration of this last point is made with the Day 14 ratio 
data in which control fluid/food ratios were 1.63+0.1 in con- 
trast to 1.18+0.1 for the 0.5% Group, 1.15+0.1 for the 1.0% 
CA Group, and 1.09+0.1 for the 1.5% CA Group. 

Although their drinking behavior was more disrupted by 
food deprivation than that of controls, CA animals continued 
to consume substantial amounts of sour fluid (see Table 1). 
In addition, the ability of experimental subjects to increase 
their post-deprivation ingestive behavior over their pre- 
deprivation levels remained largely similar to that of con- 
trols, with the possible exception of the 1.5% Group which 
did not display a significant food intake increase. CA animals 
were statistically indistinguishable from the other rats during 
the fluid deprivation procedure (Table 1). 

Similar CA and control fluid intakes occurred in re- 
sponse to the hypoosmotic fruit and vegetable diet (Table 
1). All groups eventually displayed body weight losses dur- 
ing the manipulation; although, the effect appeared sooner in 
the CA animals. With one exception, fluid and food intakes 
on the day after access to the hypoosomotic diet were signif- 
icantly higher than on the day before. With the 1.5% Group, 
however, this influence on feeding was only of borderline 
significance (p =0.08). 

All three CA groups responded to the osmotic thirst chal- 
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FIG. 2. Mean daily body weight, food intake, and fluid intake for 
controls given ad lib water and for experimentals given permanent 
access to 2.0% citric acid (CA) solution or to 4.0% CA solution 
(Days 1-14). 


lenge with significant fluid intake increases (Table 2), and the 
amount of sour fluid drunk during the NaCl session was only 
marginally less than the amount of water consumed by con- 
trols (p=0.076). For all groups, eating and drinking in the 
final 20 hours of the NaCl treatment day were not different 
from that observed on the control day. 

In the first four hours after PG treatment, all groups in- 
creased their fluid intake over their control session values 
(Table 2); but the adulteration animals nevertheless drank 
less than controls after PG but not after isotonic saline injec- 
tions. Group fluid consumption measures during the next 20 
hours revealed that all groups drank massive amounts after 
PG relative to intake after control injections; however, the 
PG-induced adulterated fluid intakes were generally lower 
than the water intakes of controls. PG differentially affected 
group food intakes during this same interval with controls 
showing an increase while CA groups exhibited a decline. 

No group food intake or body weight differences were 
apparent at the close of this study; although, the 1.5% 
animals displayed a body weight percentage significantly 
lower than that of controls (Table 2). In addition, the 1.5% 
CA subjects drank less than the other three groups; and the 
adulterated fluid/food ratios were lower than the water/food 
ratios. 

While the results of the first experiment revealed some 
parallels between CA and reported quinine effects [16], the 
contrasts were perhaps more noteworthy. (1) All CA animals 
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adjusted to their sour fluid supply without any subject mor- 
tality. In addition (2) experimentals drank substantial 
amounts of fluids during food deprivation and (3) displayed a 
quick recovery of ingestive behavior after ad lib food was 
reinstated. (4) CA rats were as able as controls to increase 
their drinking after fluid deprivation and (5) they did not 
drink less than controls when presented with a fruit and 
vegetable diet. This last effect, however, may be attributable 
as much to low control drinking during this hypoosmotic diet 
manipulation as to high CA intake. (6) Experimentals, like 
controls, also lost weight during access to the fruit and veg- 
etables while quinine drinkers apparently do not [16]. This 
body weight stability of quinine subjects has been inter- 
preted as reflecting a ‘‘net fluid retention’’ while control 
weight reductions presumably result from an inadequate 
“‘energetic content of the diet’’ ({16] p. 822). The contrasting 
CA result therefore might have occurred because CA drink- 
ers did not experience as profound a body water deficit; so, 
an increase in fluid retention could not mask the effects of 
whatever nutritional deficiencies might exist with this diet. 
Unlike quinine drinkers, (7) the CA animals also gave no 
evidence of diminished fluid intake after the fruit and vege- 
tables were replaced with lab chow. 

Other contrasts with quinine subjects included the facts 
that (8) CA animals drank like controls in response to NaCl 
and that (9) they were not inhibited in their eating after this 
treatment. (10) Experimentals also were able to increase 
their fluid intake at longer intervals after PG injections, and 
(11) no rats died in response to hypovolemia. A caution 
should be maintained here, however, because quinine drink- 
ers have not been examined during access to adulterated 
physiological saline. Finally, (12) no permanent food intake 
reductions and (13) less severe body weight losses at the end 
of the study were observed in CA animals in contrast to such 
changes reported for quinine animals. 


EXPERIMENT 2 


Results of the first experiment presented a number of 
contrasts between CA and reported quinine effects; and 
while these data might reveal qualitative differences between 
the two adulterants, another possibility is that quantitative 
factors may have been critical with inadequately low CA 
concentrations producing less severe behavioral alterations. 
A second experiment was therefore conducted to see if 
greater CA-quinine parallels would emerge if a stronger sour 
solution were utilized. 


METHOD 
Subjects 


Twenty-four experimentally naive adult male rats served 
as subjects. These rats had histories like those of the first 
Study, and initial weights averaged 441+5 g. 


Procedures 


Housing conditions remained unchanged, and assignment 
to one of three groups again occurred in a quasi-random 
manner that ensured approximately equal starting weights. 
In addition to eight controls, eight rats were also placed in a 
2.0% CA Group with eight others in a 4.0% CA Group. After 
the two week adaptation phase, the following sequence of 
procedures was administered: food deprivation, fluid depri- 
vation, NaCl injections, PG injections, and terminal ingestive 
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TABLE 3 


SELECTED MEASURES OF INGESTIVE BEHAVIOR (MEAN + S.E.M.) OF CONTROL, 
2.0% CA, AND 4.0% CA GROUPS DURING VARIOUS PROCEDURES 





Procedure: Variable 


Specific Measure Control 


Group 


2.0% CA 





Food Deprivation: Daily Fluid Intake 
During ms 2 22 


I+ 
I+ 


Fluid Deprivation: Post-Deprivation Drinking 


First Hour 14.4 + 1.8 
Last 3 Hours 5.8 + 0.6 
NaCl Treatment: 4 hr Fluid Intakes 
Con. Session is =.65 
NaCl Session 8.0 + 0.67 


NaCl Treatment: Next 20 hr Fluid Intakes 


39.9 + 3.4 
mos = 27 


Con. Session 
NaCl Session 


NaCl Treatment: Next 20 hr Food Intakes 


Con. Session 27.0 + 1.4 
NaCl Session 30.0 + 1.47 
PG Treatment: 4 hr Fluid Intakes 
Con. Session 2.0 + 0.6 
PG Session 8.0 + 2.47 
PG Treatment: Next 20 hr Fluid Intakes 
Con. Session 40.5 + 2.8 
PG Session 99.8 + 16.47 
PG Treatment: Next 20 hr Food Intakes 
Con. Session 30.4 0.8 
PG Session 26.4 16.47 
Terminal Measures 


It I+ 


44.6 
31.1 
1.46 
Body Weight 551 
Weight % 124 


I+ 


ss 
0.9 
0.1 
11.0 
1.0 


I+ I+ I+ I+ 


I+ I+ 
I+ I+ 


It I+ 
I+ I+ 


+ H+ iH it 
+ i I+ 


I+ I+ 
I+ I+ 


I+ I+ 
I+ I+ 


+ I+ 
I+ I+ 


I+ + I+ I+ H+ 
it + H+ I+ t+ 





*Between group comparison with CA group significantly different from controls, 


p<0.05. 


TWithin group comparison with the treatment session measure significantly differ- 
ent from the control (con.) session measure, p<0.05. 


behavior measurements. All these procedures remained es- 
sentially identical to those of the first experiment except that 
only saline solutions were made available in the PG tests. In 
addition, the hypoosmotic diet was not reexamined because 
control fluid intakes were so low in the first study. Data 
analysis procedures were also the same except that equal N 
ANOVA’s were employed. 


RESULTS AND DISCUSSION 


No CA animal rejected the sour solution, and behavioral 
and weight reactions to the adulterated fluid are summarized 
in Fig. 2. Only the 4.0% group displayed significantly low- 
ered body weights, which began to appear on Day 2 and 
continued throughout the remainder of the adaptation phase. 
From Day 1 onward, each group was significantly different 
from the other two in terms of body weight percentage. Con- 
trols weighed 104% their initial weights on Day 14 while this 
value was 101% for the 2.0% rats and 95% for the 4.0% rats. 

Both CA groups responded to adulteration with im- 
mediate reductions in fluid intake; and after Day 6, the 4.0% 


Group was also frequently below that of the 2.0% group. 
Eating was initially disturbed in both groups, though more 
severely in the 4.0% animals. However, reliable group eating 
differences did not invariably appear after Day 7; although, 
the 4.0% rats occasionally consumed less than controls. A 
persistent CA-induced lowering of fluid/food ratios was ob- 
served throughout; and at the end of the adaptation period, 
the 4.0% ratio (0.91+0.1) was lower than that of both the 
controls (1.46+0.1) and the 2.0% rats (1.24+0.1). 

Once again, food deprivation did not produce a severe 
disruption in CA fluid intake. Both groups drank substantial 
amounts during this procedure; and in fact, the CA intake 
was not significantly below that of the controls, which for 
some unidentified reason was considerably less than that 
observed in the first study (see Table 3). For economy sake, 
the pre- and post-deprivation food and fluid intakes are not 
presented in Table 3; however, these data were largely like 
those observed in the first study. Specifically, CA animals 
generally consumed less than controls; but relative to pre- 
deprivation levels, all groups drank less during deprivation 
while eating and drinking significantly more on the day after. 
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During fluid deprivation, the three groups ate comparable 
amounts of food; but in contrast to the first study, drinking in 
the first hour after deprivation was diminished by the higher 
CA concentrations (Table 3). Nevertheless experimental 
subjects were not significantly different from controls in 
their eating and drinking during the next three hours, and 
they appeared to respond to deprivation by generally in- 
creasing the level of their ingestive behavior. This was evi- 
dent in the facts that (1) the 2.0% and 4.0% fluid intakes in 
the first hour of post-deprivation drinking were at least sev- 
eral times greater than these intakes during the entire four 
hours of subsequent NaCl and PG control sessions and that 
(2) total fluid and food consumptions for both CA groups 
were significantly higher on the day after deprivation than on 
the day before. For example, the 4.0% group drank 42.6+2.0 
g on the day after and 31.9+2.5 g on the day before. 

Some evidence of CA group difficulties in responding to 
intracellular thirst was obtained in the observations that both 
sour fluid groups drank less than controls after NaCl injec- 
tions and that the 4.0% group failed to increase their salt 
session drinking over control values during the first hour 
(p=0.104), during the next 20 hours (p=0.095), and during 
the entire 24 hours. At the same time, it may be important to 
emphasize that CA fluid intakes after NaCl were still sub- 
stantial and somewhat elevated over control values (see 
Table 3) in a situation where quinine drinkers reportedly 
ingest almost nothing at all. In addition, the CA groups were 
unlike quinine subjects in that they displayed no evidence at 
all of a post-NaCl feeding suppression effect. 

CA groups were unable to respond to PG injections with 
immediate fluid intake increases; and in fact, the 2.0% Group 
drank nonsignificantly less in the first four hours after PG 
than after physiological saline (Table 3). Elevated post-PG 
sour fluid intakes however were seen in the next 20 hours, 
but the amounts drunk were considerably less than those of 
controls. The design of the study does not enable identifica- 
tion of the variables that allowed the delayed CA response to 
PG since food availability and/or nocturnal ingestion patterns 
are perhaps most noteworthy as possible mediators of this 
effect. Again, PG produced a significant inhibition of CA, but 
not control, food intake. 

By the end of this study, both CA groups were lower than 
controls in their fluid intakes, fluid/food ratios, and body 
weights (Table 3). There were, however, no group differ- 
ences in the totals of lab chow eaten daily. 

Increasing the concentration of CA did succeed in 
producing more parallels with reported quinine effects. Spe- 
cifically, experimentals drank less than controls (1) after 
fluid deprivation and (2) after NaCl injections; and (3) the 
4.0% group exhibited a comparable body weight reduction. 
Nevertheless, a number of contrasts remained. (1) All rats 
were able to adapt to the sour fluid and to drink substantial 
amounts (2) during food deprivation and (3) after NaCl injec- 
tions. In addition, ingestive behavior recovered more or less 
normally (4) on the day after food deprivation and (5) after 
intracellular dehydration. The pattern of CA intake after PG 
was particularly noteworthy; since unlike quinine drinkers, 
(6) CA rats appeared to be more disrupted in their short term 
ability to respond to this stimulus. In contrast, (7) they con- 
sumed more over the long term precisely when the quinine 
deficit is most obvious; and furthermore, (8) all CA subjects 
survived the PG tests. Once again, however, caution is re- 
quired in making comparisons with the quinine PG data be- 
cause quinine drinkers were not like CA animals in receiving 
access to adulterated physiological saline. Finally, as in the 
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first study, (9) CA adulteration failed to produce permanent 
food intake reductions. 


EXPERIMENT 3 


One particularly noteworthy difference between CA and 
reported quinine effects was in the reactions of subjects to 
NaCl injections. Not only are quinine drinkers unable to 
increase their fluid intake during acute cellular dehydration; 
but in addition, 24 hour water deprived subjects who are also 
administered NaCl drink less quinine solution than do 
animals who are only water deprived. Since PG treatment 
does not produce a similar effect, the initial suggestion was 
that osmotic but not volemic thirst is associated with hyper- 
reactivity to taste factors [3]. Subsequent analysis, however, 
led to the conclusion that NaCl injections are unlike PG 
treatment in producing some type of ‘‘nonspecific malaise”’ 
({16] p. 823). Because NaCl increases rather than decreases 
deprivation-induced water intake, it may be more appropri- 
ate to say that a more specific ‘‘unconditioned taste aver- 
sion’’ to particular flavors is induced ([{12] p. 93). 

The purpose of this third study was to determine if NaCl 
injections would inhibit CA fluid intake in water deprived 
animals. The fact that nondeprived CA drinkers in the first 
two experiments increased their fluid intake after NaCl 
suggested that an affect parallel to the quinine data would not 
be observed; however, regulatory challenges apparently can 
produce opposite effects in deprived and nondeprived 
animals. For example, the glucoprivic stimulus 2- 
deoxy-D-glucose normally produces elevations in feeding 
and drinking [29], but it also can inhibit feeding in food- 
deprived subjects [14] and drinking in water deprived 
animals (manuscript in preparation). A direct investigation of 
NaCl effects in water deprived rats therefore seemed re- 
quired for confident identification of a contrast between CA 
and quinine adulteration. 


METHOD 
Subjects 


Thirty experimentally naive Long Evans hooded rats 
served as subjects. They had been purchased from Blue 
Spruce Farms (Altamont, NY) and weighed 301+2.9 g. 


Procedure 


Housing conditions remained unchanged; and after being 
familiarized with the new laboratory environment, the rats 
were randomly assigned to either the water control, the 0.5% 
CA, or the 4.0% CA Group with N=10 in each. 

First subjects were adapted to the citric acid solutions and 
to the testing cages. Water was removed from the home 
cage; and from 12:00 to 16:00 hr on the next four consecutive 
days, each rat was placed in a test cage similar to the home 
cage and was presented with water or CA solution according 
to group assignment. After each four hour session, subjects 
were returned to their home cage where ad lib food was 
always made available. 

Initial adaptation sessions were next followed by one 
week in which subjects remained in their home cage with ad 
lib access to food and water; and on the last two days of this 
week, each rat was injected IP with 3 cc physiological saline. 
Immediately after this second injection, water supplies were 
removed from the home cage; and 24 hours later, half of each 
group was administered a 3 cc IP injection of 1 M NaCl with 
the other half receiving the same volume of physiological 
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FIG. 3. Mean cumulative fluid intake of water deprived animals with 
access to water, to 0.5% citric acid (CA) solution, or to 4.0% CA 
solution after hyperosmotic salt after and control physiological 
saline injections. An ‘‘s’’ above a NaCl data point indicates a value 
significantly different from that obtained during the control session. 


saline. Animals were then placed in the test cages with the 
appropriate drinking solutions made available in graduated 
drinking tubes. Fluid intakes were monitored at 15, 30, 60, 
120, 180, and 240 min post-injection. After this last meas- 
urement, food supplies were also placed in the testing cages; 
and 20 hours later, subjects were returned to their home cage 
and their overnight food and fluid consumption determined. 
One week later these procedures were repeated but with 
injection conditions reversed for each animal. 


RESULTS AND DISCUSSION 


Group cumulative fluid intakes during the four hour ses- 
sions are reviewed in Fig. 3 which reveals that water adult- 
eration generally produced a proportional decrease in fluid 
consumption. Analysis of these data was patterned after a 
procedure employed previously [12] and involved use of cor- 
related t-tests (p><0.05) within each group at each time inter- 
val to compare cumulative intakes after control injections 
with intakes after NaCl. All three groups eventually re- 
sponded to the intracellular challenge with increases in 
their drinking behavior. This effect was immediately obvious 
in animals with access to water while the occurrence of a 
significant difference was delayed slightly in the 0.5% Group. 
The 4.0% rats never exhibited a significant post-NaCl effect; 
however, a tendency to drink more after this treatment was 
evident by the end of the session (p =0.099). 

Overnight food intake was not affected by NaCl. Water 
subjects did, however, display a small, though significant 
post-NaCl fluid intake reduction (p<0.05); and a similar ef- 
fect was of borderline significance for the 0.5% animals 
(p =0.09). For these two groups, a synergy of the deprivation 
and NaCl treatments may have triggered enough drinking in 
the first four hours to reduce need in the subsequent 20. A 
different pattern appeared with the 4.0% Group, since they 
drank 15.0+2.1 cc after control injections and 15.9+1.9 cc 
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after NaCl. These data suggest that the 4.0% rats did not 
display delayed increases in their fluid intake and that they 
may have handled the osmotic challenge through marginal 
drinking increases over the short term and/or through greater 
reliance on renal mechanisms. 

Overall, the results of this third experiment indicated that 
water adulteration with CA once again diminished the ability 
of animals to drink after acute cellular dehydration. How- 
ever, adulteration was not associated with an active inhibi- 
tion of drinking; and CA and quinine therefore appear to 
produce strikingly different effects during this regulatory 
challenge. 


GENERAL DISCUSSION 


Like quinine, citric acid produces a persistent reduction 
in ad lib fluid intake and fluid/food ratios; and at appropriate 
concentrations, it also results in comparable body weight 
declines and drinking deficits after fluid deprivation and after 
hypertonic NaCl injections. These two substances represent 
separate taste dimensions and presumably have largely dis- 
similar postingestive physiological side effects. An observa- 
tion of such parallels with different adulterants suggests that 
the palatabiltiy factor was in fact the critical inhibiting influ- 
ence on at least these intake measures. 

At the same time, many differences between CA and re- 
ported quinine effects were observed; and such contrasts 
obviously must be analyzed in terms of differences in taste 
and/or postingestive variables. CA was perhaps most obvi- 
ously different from quinine in that it appeared to exert less 
severe physiological side effects. No animals refused to 
drink the sour fluid to the point of death, no mortality was 
observed in the polyethylene glycol tests, and the re- 
initiation of ingestive behavior after regulatory challenges 
was in general rapid and complete. Rats identical to those 
employed in the present investigation have reacted to 
quinine water adulteration (e.g., [33,37]) in a manner essen- 
tially like that reported in the literature; and therefore, the 
less debilitating CA effects apparently cannot be explained 
by genetic factors, although caution must clearly be main- 
tained in the absence of direct contrasts between CA and 
quinine animals. 

With CA apparently being less toxic and with detrimental 
postingestive effects documented for quinine [23], an attrac- 
tive explanation of the numerous contrasts between these 
bitter and sour solutions could be that quinine makes animals 
sick while CA does not. For example, CA, unlike quinine, 
failed to produce a persistent decline in ad lib food intake, 
which suggests that at least within certain limits, fluid 
palatability per se is irrelevant for normal feeding behavior. 
The fact that caffeine adulteration of water also reduces food 
intake [18] is unlikely to argue against such a conclusion 
because in addition to its stimulant properties, caffeine also 
can exert a disruptive effect on the gastrointestinal system 
[22]. In short, quinine and caffeine drinkers might eat less 
than CA drinkers because, unlike the CA animals, they are 
ill. Similarly, the failure of CA to produce as profound a 
disruption in drinking during food deprivation, cellular de- 
hydration and hypovolemia theoretically could be explained 
by the absence of malaise effects with this sour adulterant. 

While such an interpretation has the advantage of par- 
simony, it nevertheless remains problematic. The principal 
difficulty appears to be the inability of this malaise hypoth- 
esis to explain, at least in any simple way, the quinine and 
caffeine effects. As other researchers have pointed out 
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[16,18], intubation and/or injections of quinine and caffeine 
are unable to produce many of the behavioral effects dis- 
played by subjects forced to drink these substances. Admin- 
istration of adulterants via these alternative routes 
presumably would yield the same postingestive changes; and 
if malaise alone were the critical variable, then the appear- 
ance of deficits should be largely independent of how the 
adulterant entered the system. In addition, the fact that 
hypertonic NaCl injections inhibit drinking in thirsty rats 
given quinine adulterated water only during testing sessions 
[12] also argues against a malaise explanation. Without ex- 
tensive previous experience with quinine, such animals 
could not have entered experimental trials in a fragile condi- 
tion; and furthermore, their post-NaCl quinine intake was 
negligible. The taste of quinine (and presumably of caffeine 
as well) therefore must be a necessary (though perhaps not 
sufficient) component of the observed effects. 

Just how to explain the contrasting quinine and CA ef- 
fects therefore remains an obvious problem. One possibility 
is that while both adulterants may reduce the palatability of 
ingestibles, quinine may have an added dimension of influ- 
ence. Other investigators (e.g., [1,21]) have noted that 
poisons present in the natural environment typically have a 
bitter taste and that evolutionary processes may have re- 
sulted in an innate tendency of animals to associate bitter- 
ness with dangerous substances. Perhaps some of the exper- 
imental manipulations that challenge regulatory systems also 
induce malaise-like internal states that ‘‘prepare’’ an or- 
ganism to reject bitter substances like quinine; and rather 
than arguing against the importance of ecological factors [19, 
24, 25], the contrasts between CA and quinine instead may 
therefore serve to underscore the complexities involved. 

At the same time, even if ecological factors remain impli- 
cated, it is also apparent that a number of ambiguities must 
be clarified before these factors can be employed to develop 
totally revealing explanations of experimental effects. For 
example, it is not completely clear why quinine has effects 
during some physiological states (e.g., cellular dehydration) 
but not others (e.g., hypovolemia). Another illustration of 
this phenomenon is presented by the observations that 
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quinine fluid ingestion is inhibited during the glucoprivation 
induced by 2-deoxy-D-glucose [34,36] while being enhanced 
during insulin-induced glucoprivic feeding [35], and a parallel 
effect is produced when subjects are given access to a sac- 
charin solution [13]. These differences are not likely ex- 
plained by a hypothesis that one physiological state is char- 
acterized by ‘“‘malaise’’ while the other is not, since both 
2-deoxy-D-glucose [30] and insulin [38] can serve as an un- 
conditioned stimulus in a conditioned taste aversion 
paradigm. In addition, the failure of CA to be like quinine in 
inhibiting fluid intake after acute cellular dehydration further 
indicates that animals may be ‘“‘prepared’’ to associate par- 
ticular tastes with particular internal states, a suggestion 
consistent with other work (e.g., [38]) and supported by un- 
published observations made in this laboratory that 
2-deoxy-D-glucose retards intake of quinine- but not of CA- 
adulterated water during glucoprivic feeding. Nevertheless, 
an obvious need is the development of a better understand- 
ing of the nature of different ‘internal states’’ and of their 
interactions with specific environmental conditions. 

Finally, results from this study serve as additional evi- 
dence (see also [12,16]) against the idea [3] that cellular de- 
hydration is a thirst state more strongly characterized by 
**finickiness’’ than is hypovolemia. In the first hours of these 
regulatory challenges, a deficit response to PG appeared at a 
CA concentration lower than that necessary to block the 
increased drinking after hypertonic saline. A parametric 
analysis of hypovolemic and osmotic thirst states is neces- 
sary before the importance of palatability factors during 
these challenges can be fully understood; however, the 
possibility of adulterant-specific effects is clearly evident. 

In summary, this series of studies revealed a number of 
differences between CA and reported quinine effects. Sub- 
stances that degrade the taste quality of water therefore ap- 
parently cannot be conceived of as exerting a single, unitary 
influence on drinking. The contrasts between these two adul- 
terants may not diminish the need to consider ecological 
variables in controlling ingestive behavior; however, they do 
emphasize the need for additional research before the opera- 
tion of such influence can be fully understood. 
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MAEDA, H. AND H. NAKAO. Delayed reinforcement of switch-off behavior and amygdaloid lesions in cats. PHYSIOL 
BEHAV 36(2) 339-342, 1986.—Effects of amygdaloid lesions on the switch-off behavior (SOB) and behavioral changes 
induced by a delayed reinforcement (DR) for SOB were investigated in 12 cats. The DR consisted of putting a delay time of 
1.6 or 2.4 sec between a plate-pushing response and the actual termination of hypothalamic stimulation, and it produced a 
marked prolongation of response time for SOB (delay phenomenon). Bilateral electrolytic lesions of the amygdala had only 
limited effects on the SOB and the delay phenomenon; they tended to enhance the prolongation of response time induced 
by DR in 6 cats and it was accompanied by mild prolongation of response time of subsequent immediate reinforcement 
trials. These effects were interpreted to be due to apparent attenuation of emotion-producing potency of the hypothalamic 
stimulation, induced by reduction of facilitatory environmental influences on it. 
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FLIGHT behavior induced by electrical stimulation of the 
rostral part of the medial hypothalamus in cats is a pur- 
poseful, well-organized emotional behavior [4,8]. When 
stimulated, cats walk around in the observation box in 
search of an exit, and try to escape through the exit once 
they find it. Cats can be trained to push a switch plate to turn 
off the hypothalamic stimulation [4,6], and this type of learn- 
ing is termed switch-off behavior (SOB) [6]. The fact that the 
hypothalamic stimulation can motivate SOB suggests 
strongly that the elicited flight behavior is accompanied by 
an emotion, possibly fear [4,8]. 

It is also known that if a delay time is put between the 
plate pushing response and the actual cessation of the hypo- 
thalamic stimulation (delayed reinforcement), the response 
time for SOB is prolonged markedly. The delay time of 1.6 or 
2.4 sec is reported to be most suitable for observation of the 
behavioral changes induced by the delayed reinforcement 
[7]. This phenomenon is considered to be an animal model of 
neurosis as will be discussed later. 

The amygdala has been implicated in emotional behavior 
[1, 3, 5], but influences of amygdaloid lesions on SOB or on 
the effects of delayed reinforcement are not conclusive yet 
[8]. The present experiment was carried out in order to in- 
vestigate those problems in cats with the basolateral or cor- 
ticomedial amygdaloid lesions. 


METHOD 


A total of 12 adult cats was used. Under pentobarbital 
anesthesia (35 mg/kg), six stimulation electrodes in a straight 
array, 0.5-1.0 mm apart from each other, were implanted 
stereotaxically in the left medial hypothalamicarea (A 13.0, 
L 1.0, H 6.0 from the interaural zero point for the most 
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rostral electrode) and one electrode for electrolytic lesion in 
the amygdala bilaterally (A 11.5, R and L 8.0-10.0, H 2.0 
from the interaural zero point). Stainless-steel wires 0.19 mm 
in diameter insulated by a glass capillary except 0.1 to 0.2 
mm of the tip were used for stimulation, and similarly, glass- 
insulated stainless-steel wires 0.38 mm in diameter, bared for 
2-3 mm of the tip, were used for electrolytic lesion. Addi- 
tional stainless-steel wires passed through the frontal sinus 
served as indifferent electrodes. 

After recovery from the operation, the cat’s behavioral 
responses to electrical stimulation of the medial hypotha- 
lamic area were checked in an observation box and only one 
electrode which elicited flight response was used in the ex- 
periment. Stimulation was carried out monopolarly with 0 to 
2.0 V (usually under 1.0 V), 60 Hz alternative current. 

Then cats were trained for the switch-off behavior on an 
immediate reinforcement (IR) schedule according to the pro- 
cedure described elsewhere [4,6]. Briefly, cats were trained 
to push a plastic plate placed at a window of the experi- 
mental box to discontinue the hypothalamic stimulation at an 
interval of 2 min. The stimulation was turned off automati- 
cally when the animal failed to push the plate within 10 sec. 
After they acquired to perform with a constant response time 
of around 1.0 to 2.0 sec, the delay session was introduced. 
Ten trials on an IR schedule were followed by 30 trials on a 
delayed reinforcement (DR) schedule and subsequent 15 to 
40 trials on a IR schedule until the response time became 
rather constant. A delay time of 1.6 or 2.4 sec was put be- 
tween the plate-pushing response and the actual termination 
of the stimulation. Such a session of IR-DR-IR sequence was 
conducted 3 times; one on the day before the amygdaloid 
lesions were made as a pre-lesion control, one in which the 
amygdala was destroyed bilaterally during the DR trials, and 











MAEDA AND NAKAO 








Rae 
DR2.4s 











HYPO.6V 

















IR 
DR|.6s 








HYPO.7V 





2965 


FIG. 1. Examples of effects of amygdaloid lesions on the delay phenomenon. A; amygdaloid lesions enhanced the prolonga- 
tion of response time for SOB induced by the delayed reinforcement (group A). B; the lesions did not produce any definite 
change (group B). Bilateral amygdaloid lesions were made at arrows. Ordinates indicate response time and abscissa show 
trials. Crosses mean that the animal failed to push the plate within 10 sec. Graphs on the left are pre-lesion controls 


conducted on the day before the destruction, and graphs on the right were obtained from studies done on the day after the 
destruction. Abbreviations: IR, immediate reinforcement; DR, delayed reinforcement; HYP, hypothalamic stimulation. 


the other 1 to 3 days after the lesions. Lesions were made at 
one stage by passing DC current of 5 mA for 20 sec under an 
unanesthetized, freely moving condition; increment and de- 
crement of the current were made very gradually watching 
the behavior of the cat in order to minimize stimulation ef- 
fects. The number of DR trials during which the lesions were 
made was extended to 35 to 45 trials in several cats. 

After completion of the experiment, the animal was per- 
fused under deep anesthesia with 10% Formalin-saline. The 
brain was then embedded in paraffin, sectioned serially on a 
microtome at 15 uM, stained with Luxol Fast Blue and Cre- 
syl Violet, and examined histologically for stimulation sites 
and extent of the amygdaloid lesions. 


RESULTS 


Response times for SOB started to be prolonged mark- 
edly in all cases soon after the cats were introduced to a DR 
schedule, and they began to fail to push the plate within 10 
sec very often (see Figs. 1 and 2). The prolonged response 
times usually returned close to those before the DR schedule 
when cats were trained on a IR schedule subsequently. The 
prolongation of the response time was named as a delay 
phenomenon along with the characteristic movements of 
cats during DR trials when they seemed to hesitate to ap- 
proach the plate. 

Effects of amygdaloid lesions were evaluated by compar- 
ing the patterr of delay phenomenon altered by the lesions 
with that observed on the day before the lesioning in each 


cat. The delay phenomenon appeared to be enhanced mildly 
by amygdaloid lesions in 6 cats (group A) and to remain 
unchanged in 6 cats (group B). Typical examples of each 
group are presented in Fig. 1. In the case shown at the top 
(A, cat no. 2799), the amygdaloid lesions enhanced the pro- 
longation of the response time during the DR trials, failing to 
push the plate within 10 sec on most trials, and the cat could 
push the plate again on the subsequent IR trials only after the 
current intensity of stimulation was increased from 0.6 V to 
0.9 V. The enhancement of delay phenomenon caused by the 
lesions were not observed on the following day (Fig. 1 A, 
right). The case shown at the bottom (B, cat no. 2965) was 
considered not to be changed by the amygdaloid lesions, 
instead the delay phenomenon tended to be attenuated by 
the lesions. An additional 3 cases of each group are pre- 
sented in Fig. 2. Three cats shown at the top were classified 
as group A and 3 cats at the bottom, as group B. Note that 
response times of IR trials remained rather long and unstable 
after DR trials in the top 3 cases compared with those of IR 
trials before DR trials. The current intensity of hypothalamic 
stimulation needed to be increased for the cat to respond again 
with the constant response time of around 1.0 to 2.0 sec in 
the case shown at the top right (cat no. 2992). The same thing 
was observed in the middle case (cat no. 2944) afterward. 
Mean response times of IR trials before and after DR 
trials of the two groups are presented in Fig. 3. Response 
times of IR trials after DR trials were calculated from the last 
10 trials of the same stimulus intensity. In addition, mean 
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FIG. 2. Other examples of immediate changes in response time induced by amygdaloid lesions. Three cases at the top (A) 
are from group A and 3 cases at the bottom (B) are from group B. 
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FIG. 3. Mean response times of IR trials before and after DR trials. 
A, group A; B, group B. Control was obtained on the day before 
amygdaloid lesions were made except one cat of group A. The 
thicker dashed lines indicate that the cat could not press the plate 
within 10 sec on 10 consecutive trials (the case of Fig. 1, A). Amyg- 
daloid lesions were made at arrows. Vertical bars indicate standard 
deviations. * , p><0.002 (U-test), *, p<0.02, x, p<0.05. See text for 
details. 
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FIG. 4. Stimulation sites and extent of amygdaloid lesions in group 
A cats, shown on the coronal drawings from Jasper and Ajmone- 
Marsan’s atlas (1954). Abbreviations: AC, anterior commissure; B, 
basal nucleus of the amygdala; C, central nucleus of the amygdala; 
F, fornix; L, lateral nucleus of the amygdala; M, medial nucleus of 
the amygdala; OT, optic tract; VMH, ventromedial hypothalamic 
nucleus. 





FIG. 5. Stimulation sites and extent of amygdaloid lesions in group 
B cats. 


response times of IR trials conducted 1 to 3 days after the 
lesions are shown in Fig. 3 as well. It can be seen from the 
pre-lesion control study that response times of IR trials after 
DR trials were longer than that of IR trials before DR trials in 
most cases. Amygdaloid lesions enhanced the prolongation 
of response time of IR trials after DR trials in group A, while 
the lesions did not enhance it in group B but the lesions 
attenuated the prolongation in two cats instead. The pro- 
longed response times tended to return to the pre-lesion level 
after 1 to 3 days. 

Reconstructions of stimulation sites and amygdaloid le- 
sions in the two groups are depicted in Figs. 4 and 5. The 
rostral part of the medial hypothalmic area was stimulated in 
10 cats, and the dorsal part of the medial hypothalamic area 
in 2 cats. No clear difference in the location and extent of 
amygdaloid lesions between the two groups was found. The 
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basolateral or corticomedial part of the amygdala was de- 
stroyed in both groups. There was no significant interaction 
between the stimulation and lesion parameters. 


DISCUSSION 


In half of the 12 cats studied amygdaloid lesions produced 
mild enhancement of the delay phenomenon caused by the 
DR procedure, accompanied by mildly enhanced prolonga- 
tion of response time on subsequent IR trials as well. The 
delay phenomenon consisted of marked prolongation of re- 
sponse time of DR trials and changes in general behavior 
during DR trials [7]. The delay phenomenon was previously 
considered to be an approach-avoidance conflict, which as- 
sumed appearance of a counterforce forcing animals back 
from the plate [7]. 

The observed mild enhancement of the delay phenom- 
enon produced by amygdaloid lesions seems to be due to 
decreased motivational potency of the hypothalamic stimu- 
lation, since it was accompanied by similar enhancement of 
prolongation of response time of subsequent IR trials and the 
prolonged response times were shortened close to the pre- 
lesion level by increasing the current intensity of hypotha- 
lamic stimulation in some cases. It is known that emotional 
behaviors elicited by electrical stimulation of the medial hy- 
pothalamic area are readily influenced by situational changes 
in the environment. For example, the minimal current inten- 
sity required to elicit defensive attack by stimulating the ven- 
tromedial hypothalamic area of cats can be reduced substan- 
tially by the presence of environmental stimuli threatening to 
cats such as a barking dog or humans [2,8]. This environ- 
mental facilitatory influence is shown to be attenuated or 
abolished by lesions of the amygdala, thus resulting in ap- 
parent attenuation of emotion-producing potency of the hy- 
pothalamic stimulation [3,5]. This seems to be the case as 
well in the present experiment, if it is taken into considera- 
tion that amygdaloid lesions produce loss of not only rage 
but also fear in animals, a phenomenon known as the partial 
Kluver-Bucy syndrome [1]. 

Functional localization within the amygdala could not be 
elucidated from the present results. This is in accord with 
other reports dealing with defensive attack [3,5]. It has been 
suggested that the loss of affective behavior induced by 
amygdaloid lesions is largely an all-or-nothing effect and that 
there are no separate fear and defense zones within the 
amygdala [1]. Thus, no clear functional localization seems to 
exist as far as affective behavior is concerned. Further ex- 
periments on a large number of animals with smaller lesions 
are needed to clarify the problem of functional localization 
within the amygdala. 
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RISSMAN, E. F. AND R. E. JOHNSTON. Nutritional and social cues influence the onset of puberty in California voles. 
PHYSIOL BEHAV 36(2) 343-347, 1986.—Weanling male California voles were housed individually in cages containing 
either bedding taken from their own mothers, from unrelated mothers, or clean woodshavings. Half of the males in each 
housing condition received fresh lettuce daily in addition to their standard diets. At 45 days of age males housed in clean 
bedding had heavier seminal vesicles than males housed in bedding from their own or an unrelated mother. However, males 
which received lettuce supplementation displayed large-sized seminal vesicles regardless of their housing condition. In a 
second study 45-47 day old females were housed either with an adult male, alone in the bedding of an adult male, or in clean 
bedding for 4 days. Again, one half of the females in each housing condition received lettuce daily in addition to their 
standard diet. Ovarian and uterine weights were heaviest in females that had direct contact with an adult male. Lettuce 
supplementation increased uterine weights in females housed alone in either clean or male-soiled bedding. Lettuce did not 
accelerate uterine growth in females co-habiting with males, presumably male contact causes maximal development. These 
data show that the ingestion of green vegetation may facilitate reproductive development in male and female voles, despite 


inhibitory social conditions. 
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SOCIAL conditions influence the timing of sexual matura- 
tion in a variety of rodent species [1, 2, 4, 7, 9, 24, 25, 28, 29}. 
The rate of reproductive development in male California 
voles (Microtus californicus) is sensitive to environmental 
conditions; in particular, development is affected by chemical 
signals from conspecifics (23, 24, 25]. Males reared in bed- 
ding taken from their family or their mother have lighter 
seminal vesicles and lower androgen levels at 45 days of age 
than males reared in clean bedding [24]. This difference in 
seminal vesicle size persists for at least 30 days. These males 
are also functionally immature since they are ineffective in 
causing uterine growth in virgin females [25]. Female voles, 
as well, are sensitive to social cues. Initiation of uterine 
growth is stimulated by contact with an unfamiliar adult male 
or his urine [1, 5, 17, 25]. Prolonged exposure to male family 
members (fathers or brothers) does not stimulate uterine 
growth, and may even delay development ((1,17]; 
Kretzmann and Johnstgn, unpublished observations). 
While social conditic as are important, in nature, a variety 
of other environmental cues undoubtedly act together to in- 
fluence the timing of sexual development. For the California 
vole, one important environmental cue is green plant vege- 
tation. In the field, breeding coincides with seasonal rains 
which stimulate the growth of new plant food [12] and in the 
laboratory, spinach and water availability effect testes 
weights in adult males [18]. Adult montane voles (Microtus 
montanus) begin breeding in the spring when new plant 
growth is available [21]. The onset of their breeding season 
can be experimentally manipulated by altering the availabil- 





ity of food containing the plant derivative 6-methoxy- 
benzoxazolinone [3,27]. 

These two environmental factors, nutrition and social 
condition, have been investigated together in the past. In 
studies of mice [30] and rats [6] the effect of positive social 
stimuli (male exposure) combined with negative nutrition 
(under-feeding, or low protein diet) on vaginal opening and 
estrous cycles has been determined. In this report we exam- 
ined the interaction of nutritional and social cues on puberty 
in male and female California voles. We are interested in the 
interaction of negative social stimuli and positive nutritional 
cues. In the first study we raised young males in clean bed- 
ding, in bedding taken from their mothers, or in bedding 
taken from unrelated mothers. We wanted to determine 
whether all mothers produce a substance that delays devel- 
opment or if only the male’s own mother would delay his 
development. Half of the males in each housing condition 
were given lettuce daily. We hypothesized that male mat- 
uration would be influenced by green vegetation. Specific- 
ally, sexual development might not be delayed by maternal 
bedding in groups of males receiving daily lettuce. 

In the second study we housed 45-47 day old females in 
one of three conditions, either in clean bedding, in male bed- 
ding, or with a male in his home cage. This design rep- 
licated part of a previous study [24] which showed that male 
contact is needed to stimulate ovarian and uterine growth. 
One half of the females were given green vegetation daily for 
4 days. We hypothesized that physical contact with a male 
would cause uterine development, but that nutritional sup- 
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FIG. 1. Mean (+SEM; n=12 per group) seminal vesicle weights (mg) 
in male voles raised in own mother, unrelated mother’s, or clean 
bedding. Half of the males in each housing group was given lettuce 
daily, in addition to standard diet. Males fed no lettuce in clean 
bedding had larger seminal vesicles than males receiving no lettuce 
in the other two groups (p<0.05). Males in their own mother’s bed- 
ding had larger seminal vesicles if they received lettuce (p<0.05). 


plementation might also accelerate development in socially 
isolated females. We also wanted to determine if lettuce 
would further accelerate development in females paired with 
males. 


METHOD AND RESULTS 
General Method 


The California voles used in these studies were first and 
second-generation offspring of wild-trapped and first gener- 
ation laboratory-reared animals. The field trapped animals 
were brought to Ithaca, NY in the fall of 1982 from the Rus- 
sell reservation, Contra Costa Co., CA. The colony was 
maintained on a 14L:10D light cycle (lights off at 2000 hr 
EST) at a temperature of 20°+1°C. Animals received wood 
shaving and paper towels for nesting material and were pro- 
vided with rabbit chow (Agway) and water ad lib. 

Breeding pairs were housed in 31x36 cm opaque cages 
with solid bottoms and sides and remained together through- 
out several pregnancy/lactation cycles prior to use in these 
studies. Breeders received lettuce daily in addition to the 
rabbit chow. Litters were weaned at 20 days of age. All 
animals were housed in the colony room and shared a com- 
mon air supply during these studies. 

The social manipulations used in these experiments have 
been successfully used in our laboratory in the past [23, 24, 
25]. We chose green leaf lettuce as the nutrition supplement 
because; (1) it contains 6-MBOA, (2) we have noted that 
lettuce supplementation increases the productivity of our 
vole breeding colony, and (3) it is readily available in Ithaca 
at all times of the year. 

Two-way analyses of variance were performed along with 
Student’s t-tests for paired comparisons (corrected for mul- 
tiple comparisons by Bonferroni’s method when appropri- 
ate). 
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TABLE 1 
OVARY WEIGHTS TAKEN FROM FEMALES IN EXPERIMENT 2 





Lettuce/No lettuce 





Clean 12.5 9.6 
Bedding (1.4) (0.7) 


Male 11.7 9.7 
Bedding (0.8) (0.9) 


Male 23 By 
Present (1.8) (1.9) 





Mean (+SEM; n=14 per group) ovary weights in female voles 
housed for a 4-day period in either clean or male-soiled bedding, or 
cohabiting with a male. 

*Significantly larger than clean or male bedding groups (p<0.05). 


EXPERIMENT 1 
Method 


Sexual development in males occurs over a protracted 
period of time. This experiment was carried out over a 25 
day period to give males maximal exposure to the independ- 
ent variables during maturation. In order to raise the males 
used in this experiment with their mothers only, breeder 
pairs were separated on the day of parturition by removing 
the father from the family group. On the day of weaning 
young males were placed in individual cages (20x26 cm). 
The cages contained approximately 400 cc of bedding from 
one of three sources. Twenty-four males received soiled 
bedding from their natal cage (which now contained their 
mother). The second group received bedding from a cage 
with an unrelated mother. This female was matched to the 
males’s own mother by partuition date and had recently 
weaned a litter of her own young. The last group received 
clean bedding. Once every five days males received renewal 
bedding (200 cc) from the original source. From weaning 
until the day of sacrifice (45 days of age) one half of the males 
in each bedding condition received a piece of fresh lettuce 
daily (6-8 g). Thus six groups of 12 were formed from a total 
of 72 males. On day 45, males were sacrificed by cervical 
dislocation, weighed and autopsied. Testes, seminal vesi- 
cles, adrenal and preputial glands were removed, cleaned of 
fat and connective tissue and weighed. 


Results 


Seminal vesicle weights were significantly effected by the 
experimental manipulations (Fig. 1). Males raised in cages 
soiled by mothers had lighter seminal vesicles than males 
reared in clean bedding. All males that received lettuce had 
heavy seminal vesicles, regardless of their housing condi- 
tion. 

Analysis of variance revealed a significant main effect of 
nutrition on seminal vesicle weights, F(1,66)=5.10, p<0.03. 
However, there was no main effect for housing condition, 
F(2,66)= 1.10, p=0.34. In addition there was not an interac- 
tion between the two factors, F(2,66)= 1.83, p=0.17. None of 
the other variables measured were significantly effected by 
the experimental manipulations. However, a trend was 
noted in preputial gland and testes weights. Males given 
green supplementation tended to have heavier preputial 
glands and testes than males that did not receive lettuce. 





ENVIRONMENTAL CUES EFFECT PUBERTY 


Previous studies led us to predict that raising males in 
mother-soiled bedding would produce lighter seminal vesi- 
cles than raising males in clean bedding. Planned compari- 
sons revealed that males reared in own and unrelated 
mother’s bedding had lighter seminal vesicles than males 
reared in clean bedding (p<0.01 for own mother and p<0.025 
for other mother; Fig. 1). In addition seminal vesicles were 
equivalent in weight in males reared in either soiled bedding 
condition. The finding that bedding from an unrelated female 
also delayed development is new and interesting. 

Green vegetation caused increases in seminal vesicle 
weights in males exposed to the usually inhibitory chemical 
cues of mothers. In the own mother bedding condition the 
difference between males fed lettuce and not given lettuce 
was statistically significant (p<0.05, Bonferroni correction). 
This difference was not quite significant for the unrelated 
mother condition (p<0.09). This trend was not significant 
due to high variability in the weights of seminal vesicles of 
lettuce-fed males. 


EXPERIMENT 2 
Method 


Sexual development in females reaches a plateau prior to 
the final stages of development that lead to ovulation. Since 
voles are induced ovulators and ovarian activation is de- 
pendent on contact with male stimuli [5, 22, 25] this experi- 
ment was conducted over a short period of time in grown 
females with quiesent ovaries. Eighty-four weanling females 
were placed in group cages (3136 cm) containing 4-8 
same-aged related and unrelated females per cage. At 45-47 
days of age females were individually caged in one of three 
housing conditions. Either they resided in clean bedding, in 
the soiled cage of an adult male without the male, or they 
resided with an adult male in his soiled home cage. Females 
remained in their new cages for four days. During this time 
half of the females in each group received a piece of lettuce 
(6-8 g) daily. Thus, this study contained 6 groups with 14 
females in each. At the end of the study females were sac- 
rificed by cervical dislocation, weighed and autopsied. 
Ovaries, uteri and adrenal glands were removed, cleaned of 
connective tissues and fat and weighed. 


Results 


Females housed with males had larger uteri and ovaries 
than females housed alone, regardless of nutritional supple- 
mentation. Lettuce did however, stimulate uterine growth in 
females housed alone, without physical contact with males 
(Fig. 2). 

Uterine weights were significantly effected by the exper- 
imental manipulations. Analysis of variance revealed signifi- 
cant main effects of both nutrition, F(1,78)=4.90, p<0.03, 
and housing, F(2,78)=21.47, p<0.0001, and a significant in- 
teraction between these factors, F(2,78)=3.63, p<0.04. 
Housing condition also influenced ovarian weights, 
F(2,78)=48.49, p<0.0001, but the effect of nutrition was not 
significant, F(1,78)=2.09, p=0.15, nor was there a significant 
interaction between the two factors, F(2,78)=0.49, p=0.62 
(Table 1). 

Supplemental lettuce promoted uterine growth in females 
housed alone in clean (p<0.05) or male-soiled bedding 
(p<0.01, comparisons corrected by Bonferroni’s method; 
Fig. 2). Ovarian weights were also heavier in solitary females 
given lettuce than in those without lettuce but these differ- 
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FIG. 2. Mean (+SEM; n=14 per group) uterine weights (mg) in 
female voles housed for four days either alone in clean bedding, 
alone in male bedding, or with an adult male. Half of the females in 
each housing group was given lettuce daily, in addition to their 
standard diet. Females paired with males had larger uteri that 
females housed alone (p<0.05). Females in clean or male-soiled 


bedding had larger uteri if they received lettuce than when they were 
not lettuce-fed (p<0.05). 


ences were not statistically significant. Females co- 
habitating with males had heavier uteri and ovaries than sol- 
itary females regardless of whether or not lettuce was pro- 
vided (correct by Bonferroni’s method, p<0.01 at least for 
each comparison; Fig. 2). This finding suggests that contact 
with males causes maximal rate of uterine growth which was 
not further increased by this nutritional variable. Lettuce 
supplementation did not effect body or adrenal gland 
weights. 


DISCUSSION 


These results clearly demonstrate that green vegetation 
and social cues can act interactively to affect the rate of 
sexual maturation in California voles. Chemical signals from 
adult females delay puberty in young males, but this effect 
can be neutralized when the standard laboratory diet is 
enriched with daily lettuce. In females the absence of physi- 
cal contact with adult males prevents uterine growth, but 
green vegetables can stimulate sexual development without 
male contact. 

It was previously shown that the reproductive develop- 
ment of young males can be delayed by exposure to chemical 
cues from their families or their mothers [24]. In Experiment 
1 it was further shown that unrelated adult females can have 
this same effect, suggesting that familiarity with the bedding 
donor is not necessary. This result thus rules out the hypoth- 
esis that puberty is delayed when males are given prolonged 
contact with familiar chemical cues. The alternative hypoth- 
esis, that a specific, puberty-delaying chemical cue is 
produced by mothers, appears more likely. Unpublished 
data from our laboratory further support this hypothesis, 
soiled-bedding from nulliparous, group-housed females did 
not effect male development, nor did co-habitation with a 
female sibling. The mechanism by which a parous adult 
female causes male puberty delay in this species has yet to 
be elicidated. 
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The influence of an adult female on the timing of puberty 
in her own and other’s young has been examined in only a 
few other rodent species. In these cases, however, only 
female puberty has been investigated. Payman and Swanson 
[19] reported that young female Mongolian gerbils (Meriones 
unguiculatus) remaining in the natal cage with their pregnant 
mothers mature more slowly than females housed with sib- 
lings or with non-pregnant mothers. A similar finding has 
been observed in deer mice, Peromuscus leucopus {10}. 
Conversely, Drickamer [8] reported that urine from pregnant 
or lactating wild mice (Mus musculus) advances the onset of 
vaginal estrus in young females. These results contrast with 
the delaying influence that urine from group-housed females 
has on young female mice [7,16]. The only data on female- 
female interactions in a vole species suggests that pregnant 
and non-pregnant adult females can delay uterine develop- 
ment in young female prairie voles [9]. 

Our standard laboratory vole diet, although designed for 
rabbits, probably contains an excess of protein, carbo- 
hydrates, minerals and vitamins. Yet, the addition of 6-8 
grams of lettuce per day to this diet had dramatic effects. 
Supplemental lettuce was able to completely neutralize the 
suppressive effects of mothers’ bedding on males. In addi- 
tion, only four days of lettuce consumption by females 
housed alone caused measurable uterine growth. Although 
both groups of isolated females responded to lettuce, females 
housed in male-soiled bedding had somewhat larger uteri 
than females in clean bedding. It is likely that this effect 
would have been even more striking if the exposure period 
had lasted longer than 4 days or if the male-soiled bedding 
had been renewed or supplemented with other male cues. In 
previous experiments exposure of females to male-soiled 
bedding had no effect on uterine growth [25]. It is possible 


that chemical cues from males can facilitate reproductive 
development in a sufficiently stimulatory nutritional: en- 
vironment. 

Green vegetation is likely to stimulate the reproduction of 
voles in the field. Natural populations of montane voles can 
be experimentally induced to breed out of their regular sea- 
son by supplemental feeding of rolled oats coated with 
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6-MBOA [3]. This compound has yet to be tested in the 
California vole, but since the breeding season is tied to the 
presence of green vegetation and can be prolonged by addi- 
tional water (rainfall, which in turn causes plant growth, [12]) 
it is plausible that some plant agent is involved. 

Our data can be used to speculate about the behavioral 
ecology of this species. In the wild, California vole popula- 
tions vary in density from year to year [13, 14, 15]. Several 
investigations have reported that when population levels are 
high young voles probably remain in their natal territories 
past their weaning age [15,20]. Furthermore, when vole 
densities are at their peak puberty is delayed in both sexes 
[13, 14, 15]. If such puberty delay is, in part, brought about 
by social cues, then our data imply that young males must 
leave their families in order to attain sexual maturation. In 
the montane vole, mothers routinely leave the natal territory 
when population levels are high, thus leaving their weaning 
age offspring alone [11]. In California voles social cues 
clearly interact with nutrition. When green vegetation is 
plentiful females may initiate ovarian activity in the absence 
of adult males and males may develop rapidly regardless of 
social conditions. In the field, local variation in the availabil- 
ity of green vegetation undoubtedly influences the rate at 
which young mature, since even during years of peak popu- 
lation densities some young do mature and breed [15]. 

This pattern of interaction between relevant environ- 
mental cues is particularly important for an opportunistic, 
shortlived rodent such as the California vole, that has an 
average life expectancy of about 70 days [12]. Such an 
animal should be adapted to take advantage of multiple en- 
vironmental cues when initiating its breeding efforts. 
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MICHAEL, R. P., D. ZUMPE AND R. W. BONSALL. Comparison of the effects of testosterone and dihydrotestosterone 
on the behavior of male cynomolgus monkeys (Macaca fascicularis). PHYSIOL BEHAV 36(2) 349-355, 1986.—To com- 
pare the behavioral effects of testosterone propionate (TP) and diyhdrotestosterone propionate (DHTP) at doses producing 
plasma levels of androgens within the physiological rage, observations were made on 4 castrated male cynomolgus 
monkeys during successive 4-week treatment periods while they received 25, 50, 100, 200, 400 and 800 yg of either TP or 
DHTP SC/day in counterbalanced order. Males were tested with each of the same 4 female partners (16 pairs, 1024 1-hr 
behavior tests). Males were injected at 1600 hr and blood samples were obtained at 0800 hr (256 samples, 456 hormone 
determinations). Physiological plasma levels of T resulted from the 200 ug and 400 wg TP treatments, and were associated 
with significantly increased ejaculatory behavior. Physiological plasma levels of DHT resulted from the 50 wg and 100 ug 
DHTP treatments, but there were no changes in ejaculatory behavior over the entire DHTP does range used. This 
difference in the behavioral effects of TP and DHTP, not previously reported for a primate, could not be accounted for by 
the effects of treatment order, season, long-term behavioral testing, female sexual motivation or behavior reflecting the 


peripheral action of androgens. 


Cynomolgus monkey Sexual behavior 


Castrated males 


Testosterone Dihydrotestosterone 





CASTRATION reduces or even abolishes the sexual behav- 
ior of many male mammals, although there is wide variabil- 
ity, both within and between species, in the extent of the 
behavioral deficit and the time-course of its development. 
Since testosterone administration restores male sexual ac- 
tivity, this steroid has long been regarded as the main hor- 
monal factor responsible for male libido and potency. Until 
the advent of sensitive radioimmunoassays, experiments in- 
volving testosterone replacement in male castrates com- 
monly employed doses producing plasma testosterone levels 
in excess of the physiological range, and studies with pri- 
mates were no exception [14, 15, 20]. However, it was re- 
cently found that the sexual activity both of castrated male 
rhesus monkeys [13] and of castrated male cynomolgus 
monkeys [27] was enhanced by much smaller doses of testos- 
terone propionate than those previously used. These smaller 
doses produced plasma testosterone levels within the physi- 
ological range. Since testosterone can be metabolized in cen- 
tral and peripheral target tissues to estradiol and dihydrotes- 
tosterone, the mechanisms mediating the behavioral effects 
of testosterone will be more fully understood by considering 
also the behavioral effects of these two metabolites. In cas- 





trated rodents and lagomorphs, dihydrotestosterone (DHT) 
and dihydrotestosterone propionate (DHTP) are generally 
less effective than testosterone (T) and testosterone 
propionate (TP) respectively in maintaining or restoring male 
sexual activity after castration [4, 12, 17, 22, 24] unless 
animals are concurrently treated with estradiol (E) or es- 
tradiol benzoate (EB)[2, 3, 5, 7, 8, 10]. However, in prepu- 
berally castrated guinea pigs, DHTP appears to be as effective 
as TP in stimulating copulatory behavior [1], and Swiss- 
Webster mice [11] and King-Holtzman rats [18] are more 
sensitive to DHT(P) than are other strains of mouse and rat. 

In castrated rhesus monkeys, DHTP treatment is re- 
ported to produce normal levels of sexual activity and their 
performance became ‘‘comparable to that of the intact con- 
trols’ [19]. Moreover, there were no significant differences 
between the behavior produced by DHTP and that produced 
by treating the same animals with TP two years earlier. This 
widely-quoted effect of DHTP in rhesus monkeys is based on 
a single study in which males were given DHTP at doses of 
1-2 mg/kg body weight (i.e., 10-20 mg per animal). These 
doses produce plasma levels of DHT greatly in excess of the 
physiological range (200-900 ng/100 mi, N=19) for intact 


‘Requests for reprints should be addressed to Richard P. Michael, M.D., Department of Psychiatry, Emory University School of Medicine, 


Atlanta, GA 30322. 
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TABLE 1 


COMPARISON OF THE EFFECTS OF INCREASING DOSES OF TP AND DHTP ON THE PLASMA ANDROGEN LEVELS AND BEHAVIOR OF 
CASTRATED MALE CYNOMOLGUS MONKEYS* 





Baseline Vehicle 25 wg 50 pg 100 pg 200 vg 400 ug 800 ugt F(6,18) 





Plasma androgen 17+ 2 7+2 10 149+ 20 274+ 36 
level + 16+ 5 10+1 12 203+ 20 338+ 21 
(ng/100 ml) 

No. of 
ejaculations 
per test 


419+ 43 
716+ 46 


667+ 67 
1225+ 139 


1350+231 49.8 
2199+ 172 29.3 


0.8+0.09 
0.9+0.10 


0.8+0.08 
0.8+0.10 


0.9+0.10 
0.7+0.08 


0.9+0.09 
0.7+0.08 


1.4+0.10** 1.50.09 
0.8+0.09 1.0+0.09 


1.9+0.10 9.1 
1.0+0.10 1.0 


Time of 
ejaculation 
(sec) 


1862+ 194 
1380+204 


1779+ 195 
1704+210 


2109+ 192 
1716+ 195 


1856+ 190 
1792+ 197 


1506+ 192 
1843+ 194 


997+171% 
1790+ 190 


574+ 1394 
1469+ 193 


325+133 5.6 
952+238 1.0 


622+ 162 


First mounting 
attempt latency 
(sec) 


476+ 136 
480+151 


301+ 102 
694+ 176 


308+ 93 
545+155 


105+ 619 
464+ 138 


140+ 60 
373+128 


129+ 65§ 
646+ 151 


16+ 8§ 
744+ 183 


31+ 12 1.1 
132+ 91 0.7 


424+ 149 


% intromitted 
thrusts 
per test 


45.4+4.2 
53.9+4.1 


$2.8+4.2 
46.3+4.2 


$2.3+4.1 
41.1+3.9 


49.6+4.0 
47.1+4.3 


$2.2+4.2 
47.8+3.9 


57.9+3.8 
42.1+4.1 


62.1+4.1 
$2.3+4.3 


66.0+4.2 1.1 
75.7+5.9 1.1 


No. of 
male yawns 
per test 


0.3+0.10 
0.2+0.08 


0.3+0.10 
0.1+0.04 


0.3+0.08 
0.4+0.14 


0.2+0.06 
0.2+0.06 


0.3+0.10 
0.3+0.10 


0.6+0.19 
0.5+0.17 


0.9+0.24 
1.9+0.53 


1.1+0.34 1.0 
1.1+0.41 1.1 


No. of female 
sexual 


2.5+0.48 
2.30.46 


2.2+0.46 
1.9+0.38 


1.7+0.35 
2.40.42 


3.4+0.65 
4.9+0.86 


5.20.81 5.4+0.81 $.0+0.71 3.9+0.65 5.8 


invitations 
per tests 


3.9+0.86 5.7+0.88 5.5+0.84 4.7+0.98 7.4 





*Means + SEM for 16 plasma samples from 4 males and 64 behavior tests from 16 pairs in each treatment (except for 800 yg dose level). 
+Means + SEM for 8 plasma samples from 2 males and 32 behavior tests from 8 pairs in each treatment: these data are not included in the statistical analyses. 
Significance of behavioral differences between TP and DHTP treatment (Wilcoxon, 1-tailed): tp<0.05, §p<0.01, {p<0.005, **p<0.0025. 


males in our laboratory. The present study was designed to 
compare the behavioral effects of TP and DHTP over a dose 
range producing physiological plasma levels while control- 
ling, as always in primate behavioral studies, for the effects 
of time and treatment order. Because of the increasing short- 
age of feral-reared rhesus monkeys, male cynomolgus mon- 
keys (Macaca fascicularis) were used. 


METHOD 


Animals 


Four male (weighing 4.3-5.2 kg) and four female (weigh- 
ing 3.2-3.3 kg) cynomolgus monkeys were obtained as adults 
through dealers directly from Malaysia. After one year of 
quarantine, animals were maintained in individual cages to- 
gether in a room with windows where the timing and dura- 
tion of the artificial lighting was controlled via a light sensor 
by the natural daylength. Temperature was maintained be- 
tween 20-24°C. Food consisted of Purina monkey chow with 
vitamin supplements and water was available ad lib. Four 
months after the start of behavioral testing, males were cas- 
trated, and each male received a pair of Silastic testicular 
prostheses to restore the appearance and stimulus properties 
of the scrotal sac. All females were ovariectomized just be- 
fore the start of behavioral testing. Operative techniques 
were similar to those described in detail elsewhere for rhesus 
monkeys [14]. 


Hormone Treatments 


After a 10-week period of behavioral testing immediately 
following castration, all males received daily subcutaneous 
injections of 0.2 ml oil (vehicle) for 4 weeks, followed by 


successive 4-week periods of daily treatments with either 
testosterone propionate (TP) or dihydrotestosterone 
propionate (DHTP) in 0.2 ml oil at the following dose levels: 
25 pg, 50 wg, 100 wg, 200ug and 400 wg. Males | and 2 
received TP while males 3 and 4 received DHTP. All hor- 
mone treatments were discontinued for 4 weeks (baseline), 
and then all males again received vehicle injections for 4 
weeks. Following this, the hormone injection schedule was 
repeated with males | and 2 receiving DHTP and males 3 and 
4 receiving TP. This counter-balanced design controlled for 
treatment order, season, and the behavioral effects of long- 
term testing. Finally, after two more 4-week periods of no 
treatment and vehicle respectively, males 1 and 2 received 
800 wg TP for 4 weeks while males 3 and 4 received 800 ug 
DHTP for 4 weeks. To mimic the diurnal plasma testos- 
terone changes, all injections were given at 16 hr, and the 
first injection of each new treatment was given on the after- 
noon (Thursday) after the last behavioral test of the previous 
treatment, so that four injections were given before the first 
behavioral test of the new treatment (Monday). 

Female partners A and C remained untreated throughout. 
Immediately following ovariectomy, females B and D re- 
ceived subcutaneous injections of estradiol benzoate, 2.5 ug 
and 7.5 wg per day respectively in 0.2 ml oil at 0800 hr. 


Plasma Samples and Hormone Assays 


Once a week, 3 ml blood was obtained at 0800 hr (when 
plasma testosterone levels are low) from the saphenous veins 
of each of the untranquilized males that had been previously 
adapted to the procedure (256 samples). Testosterone (T) 
and dihydrotestosterone (DHT) were assayed in quadrupli- 
cate in ether extracts of 500 ul plasma using an antiserum 





ANDROGENS AND PRIMATE BEHAVIOR 


TP TREATMENT 






































MEAN NUMBER OF EJACULATIONS PER TEST 


MEAN PLASMA TESTOSTERONE (e—e) AND 
DIHYOROTESTOSTERONE (0--0) LEVELS (ng/l00 mi) 














e+? 
25yg l00yg 400yg 
SOyg 200ug 800yg 
HORMONE DOSAGE 
FIG. 1. Changes in ejaculations, in plasma testosterone (T) and in 
plasma dihydrotestosterone (DHT) in four castrated male cynomol- 
gus monkeys (16 pairs) given 4-week treatment periods with increas- 
ing doses of either testosterone propionate (TP—upper histograms) or 
dihydrotestosterone propionate (DHTP—lower histograms). Ejacu- 
lations increased significantly at the 200 zg and 400 wg TP doses, but 
showed no changes during DHTP treatment. Each column is the 
mean of 64 1-hr behavior tests (32 tests for 800 wg dose levels). Each 
point is the mean for 8-16 values (4-8 values for 800 wg dose levels). 
Interrupted horizontal lines give upper and lower physiological 
plasma T (upper histogram) and DHT (lower histogram) ranges for 
these males when intact. The intact data for these animals are re- 
peated in both sets of histograms. In this and subsequent figures: 
B=pretreatment baseline; V=vehicle baseline; vertical bars give 
standard errors of means. 
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raised against testosterone-3-(O-carboxymethyl)oxime- 
bovine serum albumin produced in these laboratories. Be- 
cause the antiserum had high affinity for both steroids, we 
separated T from DHT by chromatography on 1 x10 cm col- 
umns of Sephadex LH-20 in a mixture of benzene, heptane 
and methanol (67:28:5). The resolution of T and DHT was 
better than 95% and recoveries averaged 64.0+0.9% for T 
and 58.8+0.9% for DHT. Water blanks read 0.005+0.43 
ng/100 ml for T and 0.33+0.90 ng/100 ml for DHT giving 
minimum detectable limits (blanks + 2 S.D.) of 3.21 
ng/100 ml for T and 7.05 ng/100 ml for DHT. All samples 
from baseline, vehicle, 25 wg and 50 wg treatment periods 
were assayed using this chromatographed assay. At higher 
TP and DHTP doses, two of the four samples from each male 
were assayed by this technique while the remaining two 
samples were assayed by a simplified method [6] that re- 
quired less plasma (40 yl). Overall coefficients of variation 
for quadruplicate assays (within assay) were 5.8% for T and 
6.3% for DHT. The coefficients for variation between assays 
for 1,000 ng/100 ml standards were 8.5% for T and 10.3% for 
DHT (456 determinations). 

Once every two weeks, 3 ml blood was obtained at 1600 
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FIG. 2. Illustrating the temporal sequence in which hormone treat- 
ments were given to four castrated male cynomolgus monkeys. Data 
from the two males receiving TP first are shown on the left and those 
from the two males receiving DHTP first are shown on the right. 
Ejaculatory behavior increased with TP but not with DHTP, inde- 
pendently of treatment order and time since the start of behavioral 
testing. Female sexual invitations alone increased with both hor- 
mones. Each column is the mean for 32 behavior tests. 


hr from the saphenous veins of the untranquilized females. 
Plasma estradiol levels were measured in duplicate in ether 
extracts of 500 ul plasma using a highly specific antiserum 
to estradiol-6-(O-carboxymethyl)oxime-thyroglobin kindly 
provided by D. C. Collins [23]. Water blanks read 8.7+1.6 
pg/ml giving a minimal detectable limit of 11.8 pg/ml. The 
coefficient of variation between duplicates was 9.2%. We 
report here the estradiol levels in one in every four plasma 
samples from all four females (32 samples). 


Behavioral Testing 


Observations were made on oppositely-sexed pairs of 
animals in quiet, isolated rooms from behind one-way vision 
mirrors in special observation cages 1.19 m wide by 1.07 m 
deep by 1.14 m high into which first the male and then the 
female was introduced at the start of each test session. Tests 
were of 60 min duration and were conducted 4 days a week, 
Mondays through Thursdays. On consecutive test days, 
each male was paired in turn with each of the four females so 
that each female was tested once daily and each pair was 
tested once a week. All four tests on a given day were con- 
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FIG. 3. Individual changes in plasma androgen levels in four cas- 
trated male cynomolgus monkeys given increasing daily doses of 
either TP or DHTP. There were highly significant differences be- 
tween males both for plasma T during TP treatment (@) and for 
plasma DHT during DHTP treatment (O), but not for plasma DHT 
during TP treatment (X). 


ducted simultaneously between 0900 and 1200 hr. The find- 
ings reported here are therefore based on a total of 1024 1-hr 
behavior tests on 16 pairs of animals involving four males 
and four females. 


Definitions and Terminology 


The basic descriptions of the behavior observed during -- 
tests have been given elsewhere [25]. We report here on the 
following six behavioral measures: (a) number of ejacula- 
tions per test (potency)}—the characteristic behavioral re- 
sponse, typical of ejaculation in intact males, performed in 


coitu. while mounting the female; (b) time to first 
ejaculation—time in seconds from the start of the test to the 
first ejaculation (a default value of 3600 was given where 
ejaculation did not occur); (c) first mounting attempt 
latency—time in seconds from the start of the test to the first 
male mounting attempt preceding the first ejaculation (a de- 
fault value of 3600 was given where there were no mounting 
attempts in non-ejaculatory tests): for analysis of variance 
only, time of ejaculation was used where there were no male 
mounting attempts before the first ejaculation (i.e., female- 
initiated mounts only); (d) percentage intromitted thrusts— 
number of intromitted thrusts expressed as a percentage of 
the total number of thrusts per test; (e) number of male 
yawns per test [9]; (f) number of female sexual invitations 
per test. 
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Statistical Treatment of Results 


The significance of differences between plasma androgen 
levels during pretreatment baseline, vehicle baseline, and 
during treatments with increasing doses of the respective 
hormone ester was assessed by three-way analyses of vari- 
ance for repeated measures using a treatment by sample by 
male design. The significance of changes in plasma DHT 
levels during TP treatment and in plasma T levels during 
DHTP treatment was assessed by two-way analyses of vari- 
ance on treatment means using a treatment by male design. 
Differences between corresponding behavioral frequencies 
were analyzed using a treatment by female by male design. 
Individual treatment means were compared using the 
Scheffé test. The significance of differences between behav- 
ior during TP and DHTP treatment at a specific dose level 
was assessed by Wilcoxon matched-pairs signed-ranks tests 
(one-tailed) on the treatment means for individual pairs of 
animals (16 pairs). 


RESULTS 
Androgens and Male Sexual Activity—Group Results 


The effects of castration and of replacement treatment 
with increasing doses of either TP or DHTP on the plasma 
levels of both androgens and on the sexual behavior of male 
cynomolgus monkeys are shown in Table 1. Data for the four 
males when intact are means from the 4 behavior tests per 
pair and the 4 plasma samples per male immediately preced- 
ing castration. The mean for T was 515 ng/100 ml (range 330- 
690 ng/100 ml), and the mean for DHT was 287 ng/100 ml 
(range 190-360 ng/100 ml). There were highly significant 
changes in mean plasma androgen levels at 0800 hr (16 hr 
after injection). Plasma T levels were between 113 and 1350 
ng/100 ml over the 25 yg to 800 wg TP dose range, and 
physiological levels resulted from daily doses of 200 wg and 
400 wg TP. Plasma DHT levels were between 132 and 2199 
ng/100 ml over the 25 wg to 800 wg DHTP dose range, and 
physiological levels resulted from daily doses of 50 wg and 
100 wg DHTP. Plasma DHT levels also increased signifi- 
cantly during the TP treatment regime, F(6,18)=19.79, 
p<0.001, but there were no significant changes in plasma T 
levels during DHTP treatment (Fig. 1). 

As plasma T levels increased with increasing doses of TP, 
there were significant increases in numbers of ejaculations 
per test and decreases in times to first ejaculation (Table 1). 
For both behavioral measures, values during the 200 wg and 
400 wg TP treatments were significantly different from those 
during pre-treatment baseline and vehicle treatments. The 
numbers of female sexual invitations increased significantly 
at 100 wg TP, and thereafter remained unchanged. Although 
latencies to the first male mounting attempt decreased mark- 
edly, variance was large and the changes were not statisti- 
cally significant. There were no significant changes in per- 
centage intromitted thrusts or numbers of male yawns. 
Neither were there any consistent changes in numbers of 
mounts, male mounting attempts, intromitted and unin- 
tromitted thrusts per test which, therefore, are not reported 
here. Plasma DHT levels also increased significantly with 
increasing doses of DHTP, but there were no significant 
changes in any behavioral index except, at the 50 ug DHTP 
dose, in female sexual invitations. 

Comparisons between the two hormone treatments con- 
firmed and extended the analyses of variance and demon- 
strated that TP had significant effects, particularly at the 200 
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FIG. 4. Individual differences in the ejaculatory behavior of four 
castrated male cynomolgus monkeys given increasing daily doses of 
either TP (solid columns) or DHTP (hatched columns). There were 
highly significant differences between males, and all showed in- 
creased ejaculatory behavior with TP but generally not with DHTP. 
Each column is the mean for 16 behavior tests. In this and Fig. 5, the 
baseline and vehicle treatment periods that immediately preceded 
TP treatment are represented by solid columns and those that im- 
mediately preceded DHTP treatment are represented by hatched 
columns. 


pg and 400 ug doses, on ejaculations, times of ejaculation and 
male mounting attempt latencies, whereas DHTP did not. 
However, the two hormones had rather similar effects on 
male yawns and on female sexual invitations (Table 1). Since 
two of the males received TP first and the other two received 
DHTP first, an assessment could be made of any treatment 
order effects. Figure 2 shows the changes in ejaculations, 
times of ejaculation, percentage intromitted thrusts and 
female sexual invitations in the temporal sequence in which 
animals received treatments. Males | and 2 received TP first 
(Fig. 2, left) and males 3 and 4 received DHTP first (Fig. 2, 
right). These data clearly show that the graded changes in 
ejaculations and in times of ejaculation with TP treatment, 
and the absence of any changes with DHTP treatment, oc- 
curred independently (a) of treatment order and (b) of the 
time for which animals had been tested. Behavioral baselines 
were changed as consequence of treatment and testing. 


Androgens and Male Sexual Activity—Individual Males 


There were highly significant differences between males 
in plasma T and DHT, F(3,18)=4.16 and 5.53, p<0.025 and 
0.01, (Fig. 3) and in all measures of behavior, F(3,54)=4.5 to 
43.5, p<0.01 to 0.001, except for male yawns during DHTP 
treatment. All four males showed increased numbers of 
ejaculations with increasing TP doses but not with increasing 
DHTP doses (except male 2)(Fig. 4). The mean (+S.E.) 
numbers of ejaculations per test by intact males were 
2.9+0.06, 2.8+0.19, 1.1+0.29 and 1.3+0.18 for males 1-4 
respectively. Male 2 showed increased ejaculations with 
DHTP at the 400 yg dose, but levels did not exceed the 
DHTP baselines. 


Androgens and Male Sexual Activity—Role of Female 
Partners 


The four test females differed in hormonal status. 
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FIG. 5. Role of the female in the responses of castrated male 
cynomolgus monkeys to androgen treatment. Independently of her 
hormonal status, each female received increasing numbers of ejacu- 
lations during TP treatment of the males but, with the exception of 
female A, not during DHTP treatment of males. Each column is the 
mean for 16 behavior tests. 


Females A and C were untreated and their mean (+SEM) 
plasma estradiol levels were 11.1+7.4 (N=8) and 20.9+5.0 
(N=8) pg/ml respectively. Female B received 2.5 pug es- 
tradiol benzoate per day, producing a mean plasma estradiol 
level of 86.4+ 15.5 (N=8) pg/ml, typical of the early follicular 
phase of intact females [26]. Female D received 7.5 ug es- 
tradiol benzoate per day, which produced a mean plasma 
estradiol level of 155.6+ 10.9 (N=8) pg/ml. It was anticipated 
that male sexual activity would differ significantly with es- 
trogen treatment of the females, but this expectation was not 
generally confirmed. During TP treatment, the only signifi- 
cant difference between females was in female sexual invita- 
tions, F(3,54)= 14.4, p><0.001. During DHTP treatment there 
were also significant differences between females in sexual 
invitations, F(3,54)=6.0, p<0.005, and also in ejaculations 
and times of ejaculation, F(3,54)=38.1 and 3.8, p><0.001 and 
0.025, respectively. Figure 5 gives the mean numbers of 
ejaculations received by each female from all males during 
every treatment condition. It shows that TP treatment 
produced graded increases in ejaculations with every female, 
independently of her hormonal status, whereas behavior dur- 
ing DHTP treatment remained rather constant and except for 
female A did not exceed the baselines. Female A made 
very few sexual invitations (less than | per test), female D 
made intermediate numbers of invitation (about 5 per test) 
and females B and C made many invitations (about 10 per 
test). 


DISCUSSION 


The results show conclusively that treating castrated male 
cynomolgus monkeys with increasing doses of TP, whicl. 
produced physiological plasma T levels in these males, re- 
sulted in increased ejaculatory behavior. This confirmed the 
findings of an earlier study with different males and females 
[27]. In contrast, treating the same males with identical doses 
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of DHTP, producing plasma DHT levels in or greatly above 
the physiological range, had no significant effects on the 
ejaculatory behavior of these four males. The different be- 
havioral effects of these two steroid esters over the dose 
range used could not be accounted for in terms of differences 
in percentage intromitted thrusts or in numbers of female 
sexual invitations. Neither could they be explained as an 
effect of treatment order, season or duration of prior testing 
experience, since treatments were counterbalanced so that 
two of the males always received each hormone treatment 
the same time interval after the other two males received it. 
Since every male ejaculated during almost every test with at 
least one of their female partners, the differential behavioral 
effects of TP and DHTP could not be attributed to differen- 
tial effects on the males’ capacity to ejaculate. The 200 ug 
and 400 wg TP treatments were associated with more ejacu- 
lations and with shorter latencies both for mounting attempts 
and for ejaculations than similar treatments with DHTP. 
Over this dose range, neither TP nor DHTP administration 
affected the numbers of intromitted and unintromitted 
thrusts or the percentage of intromitted thrusts, indices that 
might be considered to reflect a peripheral action of 
androgen, while ejaculations and ejaculation latencies were 
improved by TP alone. The present results suggest, there- 
fore, that TP but not DHTP was exerting an effect either (1) 
on the threshold of the ejaculatory reflex or (2) on the neural 
mechanisms mediating sexual motivation. We cannot distin- 
guish between these two possibilities from the present data. 

These findings in cynomolgus monkeys differed consid- 
erably from those reported by Phoenix [19] for rhesus mon- 
keys. In the present study we employed hormone doses of 
approximately 5-80 yg/kg body weight producing plasma 
androgen levels, 16 hours after injection, within the physi- 
ological range of 330-690 ng/100 ml for T, or within and 
above the physiological range of 190-360 ng/100 ml for DHT 
in these males when intact. In contrast, the rhesus study 
employed doses of 1-2 mg/kg body weight, and doses of this 
magnitude will produce plasma DHT levels of 1934-10743 
ng/100 ml (16 samples from 4 castrated rhesus males given 
12.8 mg DHTP/day); some ten times greater than those of 
intact rhesus monkeys (200-900 ng/100 ml). Furthermore, 
the rhesus study did not employ a counterbalanced design to 
control for the behavioral effects of treatment order and du- 
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ration of prior testing. Apart from these and other method- 
ological considerations that make comparisons difficult, 
there remains the important question of species differences. 
We have also conducted a study in which the behavioral effects 
of treating 4 castrated male rhesus monkeys with increasing 
doses (50 ug—25.6 mg/day) of TP were compared with those 
of treating them with identical doses of DHTP. The results 
confirmed the behavioral ineffectiveness of DHTP in com- 
parison with TP [16]. Whether higher doses of DHTP will 
stimulate ejaculatory behavior in cynomolgus monkeys will 
be determined by studies currently in progress. 

Rhesus and cynomolgus monkeys differed in their plasma 
ratios of T to DHT; in morning samples in rhesus monkeys it 
was about 4:1 [21] while in the cynomolgus monkeys in the 
present study it was about 2:1 (Fig. 3). Another possible 
species difference we noted concerned the hormonal status 
of the ovariectomized test females. This did not appear to 
play a major role in determining the males’ behavioral re- 
sponses to androgen treatment, although it did in an earlier 
study with rhesus monkeys [13]. Treating ovariectomized 
cynomolgus females with estradiol had highly significant ef- 
fects on the sexual activity of their male partners [26], but 
this effect was clearly overridden in the present study by the 
role of individual differences between the females. Neverthe- 
less, the clearest androgen effects occurred with the un- 
treated female A which made few sexual invitations, al- 
though all females received increasing numbers of ejacula- 
tions during TP treatment of their male partners (Fig. 5). It 
was noteworthy that with both TP and DHTP treatment of 
males, progressive increases in the numbers of female sexual 
invitations occurred (Fig. 2). This observation raises the 
possibility that both hormones were producing a non- 
behavioral cue, perhaps an olfacatory signal, capable of 
stimulating the females’ proceptive behavior. 
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YAMADA, N., K. SHIMODA, K. TAKAHASHI AND S. TAKAHASHI. Change in period of free-running rhythms 
determined by two different tools in blinded rats. PHYSIOL BEHAV 36(2) 357-362, 1986.— Drinking rhythm in 6 rats 
optically enucleated on the day of birth was determined every one to two weeks after weaning until the age of 28 weeks. 
Each rat was transferred repeatedly from a cage without a running wheel to one with a running wheel, and vice versa. 
During the periods when the rats were housed in the former cage, drinking rhythm delayed, while it advanced when they were 
housed in the latter. The rats, which had a period of free-running rhythm of motor activity longer than 24 hr when measured 
by an Automex device in a cage without a running wheel, showed a period shorter than 24 hr when measured by a running 
wheel. These results suggest that the difference in tools for determination of activity may influence the results of animal 
experiments for free-running rhythm, and warn investigators of risks being caused by the selection of tools. 
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ALTHOUGH two types of measurement, a running wheel 
and an Animex, have been commonly used in measuring the 
motor activity, the question has not been resolved whether 
both of them measure the same aspect of the motor activity. 
To our knowledge, there is no data available today for the 
change in period of free-running rhythm when determined by 
these two different means. 

In 1946, Brooks reported that obese rats with the ven- 
tromedial hypothalamic lesion showed a permanent decrease 
in their activity when measured by a running wheel, while 
their activity levels measured by a tambour first decreased, 
then increased, and finally exceeded their preoperative 
levels [2]. It was also reported that in rats made obese by the 
treatment with monosodium glutamate the activity measured 
by an Animex decreased [13], but activity measured by a 
Whahmann activity wheel increased [8]. Recently, it was 
reported that during the meal feeding period when the food 
intake reduced, the running wheel activity increased, 
whereas the activity recorded by an Animex decreased, and 
that after a single injection of mazindol, a hypoglycemia in- 
ducing agent, the former activity increased, but the latter 
activity failed to increase significantly [7]. These findings, 
although they are limited, seem to suggest that the motor 
activity measured by different methods does not necessarily 
give the consistent results. 

In the course of our studies on the circadian activity 
rhythm in blinded rats, we have had an impression that the 
period of free-running rhythm measured by a running wheel 
is likely to be shorter than that measured by an Automex 
(Columbus Co., Columbus), an Animex type of device. Ac- 


cordingly, the motor activity determined by two different 
tools, may reflect the different aspects of motor activity. 

To clarify this issue, we examined whether or not the 
difference in means of measurement changes the apparent 
period of free-running rhythm in motor activity and drinking 
behavior, by transferring the blinded rats repeatedly be- 
tween cages with a running wheel or an Automex. 


METHOD 


Wistar albino rats, purchased from Shizuoka Laboratory 
Animal Cooperative Association, were acclimated to the 
animal room for more than a month before they were mated. 
Environmental conditions of the room were kept constant 
(temperature: 23.5+0.5°C, humidity: 50.0+4.0%) and the 
lighting condition was automatically controlled (light: 
08:00-20:00 hr, dark: 20:00-08:00 hr). Rats were fed com- 
mercial chow and water ad lib. 

The drinking rhythm was determined by recording the 
water intake for two consecutive days every one to two 
weeks throughout the experimental period. Fifty ml polycar- 
bonate tubes with a mouthpiece (CL-2746-2:Nihon CLEA), 
which has a ball valve inside, so that it prevents water from 
dripping spontaneously, were used. The tubes filled with 
water were weighed every 4 hours to determine the water 
intake that was represented by the weight difference be- 
tween two consecutive measurements. 

Thirty-two pups from 4 litters were blinded under cold 
anesthesia on the day of birth and subjected to the study of 
periodic mother deprivation (P.M.D.). (Data in preparation 
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FIG. 1. Two-day patterns of water intake in two rats. Abscissa and 
ordinate indicate time of day and water intake, respectively. 
Number in each panel indicates age in weeks tested. Asterisk repre- 
sents the acrophase of the drinking rhythm. Rats were housed in the 
plastic cages without a running wheel, between the 13th and 23rd 
week, and in the metallic cages with a running wheel, between the 
9th and 13th week, and between the 23rd and 29th week. 


for publication.) Six of 12 control blinded pups used in that 
study were chosen for the present study, because they man- 
ifested fairly constant periodicity in their free-running 
rhythm measured by water consumption during the P.M.D. 
experimental period for 4 weeks between the 4th and 8th 
postnatal week. These control pups were prevented from 
any manipulation throughout the P.M.D. study, except for 
blinding by optic enucleation. These pups were housed indi- 
vidually in plastic cages (40x25x20 cm) after weaning on 
day 22, the day of birth being referred to as day 1. After 
completion of P.M.D. study, the rats were placed individu- 
ally in metallic cages (12x 18x14 cm) equipped with a run- 
ning wheel 30 cm in diameter and 10 cm in width (Muromachi 
Kikai Co., Ltd. Tokyo) and their running activity was re- 
corded continuously between the 9th and 13th week. The 
number of revolutions of the wheel was recorded every 30 
min by an Intelligence Printer (Muromachi Kikai Co., Ltd. 
Tokyo) connected to the running wheel. Thereafter, they 
were transferred again to the plastic cages and housed indi- 
vidually for the determination of drinking rhythm for 10 
weeks, and locomotor activity of two of 6 rats, rat No. 5 and 
6, were recorded using an Automex, because only two Au- 
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FIG. 2. Shift patterns of acrophase determined by water intake in 6 
individual rats. The mean of the 6 shift patterns is indicated by the 
top curve. Abscissa and ordinate indicates age in weeks and the 
acrophase in clock hour, respectively. Shaded areas indicate the 
period during which the rats were housed in the metallic cages with a 


running wheel, while open areas indicate the period when they were 
housed in plastic cages without a running wheel. 


tomex units were available. Finally, these two rats were 
transferred individually back to the metallic cages with a 
running wheel, and both rhythms of drinking and motor ac- 
tivity were measured for another 6 weeks. 

A least square spectrum analysis was used to determine the 
acrophase of water intake rhythm [11]. The free-running period 
of motor activity was determined as follows: in the case of 
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FIG. 3. Continuous recording of either locomotor or running activity in two rats, Nos. 5 
and 6. Abscissa and ordinate indicate clock hour and age in weeks, respectively. Activity 
is shown by double plot method. Arrows on the right edge of each figure indicate the day 
when the rats were transferred from one cage to another. They were housed in a cage 
with a running wheel between the 8th and 13th week, and the 23rd and 28th week of age. 
In the latter period, locomotor activity was recorded by an Automex. 


running wheel activity, time when the number of revolutions 
of the wheel for 30 min exceeded 200 was taken as the onset 
time of activity. The free-running period was calculated from 
a shift pattern of the onset time; in the case of locomotor 
activity rhythm determined by an Automex, the free-running 
period was calculated by the offset of activity, as a shift 
pattern of the offset time was more regular than that of the 


onset time as we reported previously [12]. The time when the 
count was less than 100 was taken as the offset time of the 
activity rhythm. 

Correlation coefficient between the water intake and the 
motor activity was calculated after ‘*z’’ transformation of the 
raw data was made. Statistical significance was determined 
by Student’s f-test. 
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FIG. 4. Motor activity per day in two rats, rat 5 in the upper part and 
rat 6 in the lower part. Abscissa and ordinate indicate age in weeks 
and activity levels, respectively. Activity levels were determined by 
either a running wheel, in number of revolutions (shaded area), or an 
Automex, in number of counts (open area). 


RESULTS 


Figure | illustrates 48 hr patterns of water intake determined 
at the 10th, 13th, 17th, 24th and 29th week after birth in two 
rats, rat 5 and rat 6. An overt rhythm was evident in these two 
rats in every week of determination. Acrophase (marked with 
an asterisk) advanced in both rats between the 10th and 
13th week, when they were individually placed in the metal- 
lic cages with a running wheel. Acrophase delayed 4 hr in the 
rat 5 and 6 hr in the rat 6 during a period of 7 weeks (between 
the 17th and 24th week), when they were housed in the plas- 
tic cages without a running wheel. After they were trans- 
ferred to the metallic cages with a running wheel for 6 weeks, 
acrophase again occurred 6-8 hr earlier (between the 24th 
and 29th week). 

To visualize the mode of free-run of the drinking rhythm, 
individual shift patterns of acrophase are indicated in Fig. 2. 
The period of the rhythm was significantly longer than 24 hr 
when the rats were reared in the plastic cages without a 
running wheel (between the 4th to 8th post-natal week). The 
free-running period was shorter and phase advance occurred 
in all rats 2-4 weeks after they were transferred to the metal- 
lic cages with a running wheel. Phase advance again turned 
to phase delay in all rats with the acrophase continuously 
delayed during this period 3-6 weeks after they were 
transferred to the plastic cages without a running wheel. To 
duplicate the results obtained, two rats were once again 
transferred to the metallic cages with a running wheel. The 
free-running period decreased in a few weeks and acrophase 
advanced again (between the 23rd and 28th week). 

Motor activity of these two rats, (rat 5 and rat 6) was 
continuously recorded for 28 weeks as indicated in Fig. 3 in 
order to give a more detailed view of the pattern of free- 
running rhythm. The running activity was very low and no 
phase shift was evident during the first 3 weeks. Phase ad- 
vance started to occur during the 11th postnatal week along 
with an increment of motor activity. The period of the free- 
running rhythm was 23.89 hr and 23.83 hr in rat 5 and rat 6, 
respectively. The free-running period changed after they 
were transferred to the plastic cages without a running wheel 
from the 13th week. Activity failed to be recorded during the 
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FIG. 5. Water intake per day in 6 individual rats determined 
throughout the experimental period of 24 weeks. Mean of water intake 
of 6 rats is indicated at the top. Abscissa and ordinate indicate age in 
weeks and the amount of water intake, respectively. Shaded areas 
indicate the period during which the rats were housed in the metallic 
cages with a running wheel, while open areas indicate the rats were 
housed in the plastic cages without a running wheel. 


first few weeks because of mechanical trouble of the Au- 
tomex devices. Between the 17th and 18th postnatal week 
the free running period increased (7: 24.06 hr and 24.02 hr, 
respectively) more than that recorded during the period 
when the animals were housed in the metallic cages with a 
running wheel. Thereafter, the rhythm free-ran with a longer 
period (7: 24.14 hr and 24.16 hr, respectively) between the 
18th and 23rd post-natal week. 
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The free running period became ambiguous for two weeks 
when the rats were transferred back to the metallic cages 
with a running wheel at the end of the 23rd week, although + 
was Calculated as 23.94 hr and 23.93 hr, respectively. Then, 
the free-running period became constant with 7 of 23.70 hr in 
rat 5 — 23.73 hr in rat 6 through the rest of the experimental 
period. 

Figure 4 illustrates the total number of revolutions of the 
wheel per day in shaded areas and the total count of locomo- 
tions per day in a nonshaded area in rat 5 and rat 6, respec- 
tively. The amount of activity increased as time passed and 
reached a plateau, approximately 2 weeks after the rats were 
transferred to the metallic cages with a running wheel. No 
Significant increase in motor activity was observed when 
they were housed in the plastic cages without a running 
wheel. A rapid increase in the amount of activity correlated 
temporarily with the appearance of phase advance when the 
rats were housed in the metallic cages with a running wheel, 
although such correlation was not recognized the second 
time when they were transferred to the cages with a running 
wheel. 

Mean and individual water intake per day in 6 blinded rats 
are shown in Fig. 5. Compared to the period when the rats 
were housed in the plastic cages without a running wheel, the 
amount of water intake increased while the rats were housed 
in the metallic cages with a running wheel. During the latter 
condition, a gradual trend of water intake increase was ob- 
served as time passed. Such a trend was not seen in the 
former condition. Correlation coefficient of the water intake 
and the motor activity was 0.566 (p<0.05) in the rats housed 
in the metallic cages with a running wheel, while it was 
—0.407 (statistically not significant) in the plastic cages with- 
out a running wheel. 


DISCUSSION 


In the present study, we demonstrated that there was a 
prominent difference in the free-running period of activity 
and drinking rhythms measured by two different tools in the 
Same rats which were examined. The free-running period of 
water intake rhythm decreased after each rat was transferred 
from a plastic cage without a running wheel, to a metallic 
Cage with a running wheel. The period increased after the 
transfer was reversed. A shift in the free-running period in 
the same direction was also observed by the measurement of 
motor activity. The phase of activity rhythm advanced while 
the rats were housed in the metallic cages with a wheel, and 
delayed while they were in the plastic cages without a wheel. 
The free-running period observed shortly after being trans- 
ferred was different from that observed after a few weeks, 
suggesting that it takes a few weeks for the steady-state 
free-running rhythm to be established in a new environment. 
The shift pattern of activity rhythm appeared essentially the 
same as that of the drinking rhythm. 
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The real factors causing the difference in the free-running 
period are not known from the present experiments. Materi- 
als of cages and wheels might not be essential for the varia- 
tion of rhythm periodicity. Also, the room conditions were 
not presumed to be the cause of the difference, as the two 
tools for the measurement of activity were placed in the 
same room. We take a view that the difference in the housing 
condition, whether or not a cage is equipped with a wheel, or 
without a wheel is the cause of such differences. A cage with 
a wheel in which rats can run endlessly has a much larger 
space for exercise, so that it may cause the difference in 
motivation and motility, thus affecting other intrinsic or 
physiological functions. In this experiment, the amount of 
water intake increased significantly when the rats were 
housed in the metallic cages with a wheel. The marked 
difference in the free-running period measured by water in- 
take was observed between the first experimental period 
(from the 4th to 8th week) and the second experimental 
period (from the 13th to 23rd week), during which the rats 
were housed in the plastic cages without a running wheel. In 
the former period, acrophase shifted 10 hr in 4 weeks, while 
in the latter period, it shifted 6 hr in 10 weeks. It is not known 
for this difference in +, though aging might be one of the 
factors. In 1974, Pittendrigh and Daan reported that the 
period of free-running activity rhythm was shorter in older 
hamsters than younger ones [9]. In the present study, a simi- 
lar tendency was observed in rats. 

There are several reports concerning factors that change 
the free-running period. Generally they are chemical sub- 
stances, including deuterium, which is known to be the most 
potent substance that elongates the 7 [3, 6, 10]. Lithium also 
Slows the free-running rhythm in both plants and animals 
[4,5]. Recently, MAO inhibitors are reported to lengthen the 
free-running rhythm in hamsters [14]. Light intensity is also 
an important factor to change the period of the free running 
rhythm [1]. Besides these factors, age is known as one affect- 
ing the free-running period [9]. The results in the present 
study suggest existence of some other factors affecting the 
free-running rhythm than chemicals given exogenously. 

Another important aspect pointed out in the present study 
is that precaution should be taken in the selection of the tools 
for measurement of activity. It has been demonstrated that 
the activity levels varied in a different direction during meal 
feeding in rats when they were measured by different tools 
[7]. Although reports regarding such difference are very lim- 
ited, the differences might possibly be found in many physi- 
ological variables. 
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TONER, J. P. AND N. T. ADLER. The pre-ejaculatory behavior of male and female rats affects the number of sperm in 
the vagina and uterus. PHYSIOL BEHAV 36(2) 363-367, 1986.—The number of pre-ejaculatory intromissions a female rat 
receives affects the probability of becoming progestational and transporting sperm into the uterus. We now report that the 
number of intromissions a male rat delivers affects his ejaculatory performance. Males and females were given different 
copulatory experience by switching females during mating. When either the male or female had few intromissions, few 
sperm were recovered and the copulatory plugs fit less well. Intromission-dependent sperm recovery was also observed in 
a review of 94 copulatory tests drawn from archival data. Several possible mechanisms are discussed, including poor 
placement of the copulatory plug and reduced sperm output. The potential significance for reproductive success in social 


mating situations is discussed. 
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REPRODUCTIVE success in male mammals depends on the 
deposition of adequate numbers of sperm in the vagina of the 
female. This process is influenced by physiological and be- 
havioral factors that operate over long periods of time (e.g., 
spermatogenesis, dominance hierarchies), but also in the 
immediate situation of mating (e.g., which ejaculation is re- 
ceived [27], duration of immobility at ejaculation [18,19]). 

In the rat each ejaculation is preceded by a number of 
brief penile intromissions spaced about a minute apart. At 
ejaculation a copulatory plug is deposited in the female’s 
vagina after the sperm mass. Both the intromissions and 
copulatory plug are important for the female’s success in 
reproduction [30]: Both are necessary for transcervical 
sperm transport [1, 6, 18]. Moreover, intromissions trigger 
the progestational response [3, 7, 26], and potentiate post- 
ejaculatory quiescence [2,22]. 

While pre-ejaculatory intromissions clearly influence the 
female’s reproductive success, their influence on male re- 
productive success has not previously been demonstrated. 
The purpose of the present study was to evaluate the effect 
of these pre-ejaculatory intromissions on male ejaculatory 
performance, as measured by subsequent recovery of sperm 
from the genital tract of the female. 


METHOD 


Subjects and Procedure 


Subjects were Sprague-Dawley CD rats from Charles 
River Breeding Labs, housed on a reversed light cycle (lights 
off from 8 a.m. to 6 p.m.) in groups of 2 (males) or 4 
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(females). They were given free access to tap water and 
Purina rat chow. The estrous cyclicity of females was de- 
termined by daily vaginal smears; only regularly cycling 
females were employed. Males were between 105-334 days 
old, females between 90-150 days old. 

Thirty-four virgin females were mated to sexually rested 
male rats. During 31 of these mating tests, the male was 
switched from a stimulus female to the experimental female 
in the course of his ejaculatory series. The switch was per- 
formed at random points in the series. Consequently, the 
experimental male and female experienced different num- 
bers of pre-ejaculatory intromissions. Some females had as 
few as | pre-ejaculatory intromission and some males as few 
as 3. The numbers of sperm in uterine horns and vagina were 
assessed 25-30 min after the ejaculation by our standard 
method [19]. The fit of the copulatory plug in the vagina was 
also evaluated; plug fit was defined as the number of quad- 
rants of the vaginocervical junction in which the plug was 
tightly adherent [19]. Scores ranged from 0 to 4. 

In order to check the results of the experimental group, 
we reviewed archival data collected in our laboratory over 
the last 15 years. These data were collected by several in- 
vestigators in the course of different experiments, and slight 
variations in procedures were common. In this group only 
uterine sperm were consistently assessed, and this was done 
6-90 min after the ejaculation. To make these retrospective 
data more homogeneous and similar to the experimental 
data, copulations were included if the female was a virgin 
and the male was (a) sexually rested, (b) mating in his first 
ejaculatory series of the day, and (c) exposed to switching of 
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FIG. 1. The number of sperm recovered from the genital tract of female rats after different numbers of pre-ejaculatory intromissions. Lightly 
stippled bars indicate cases in which the female had two or more intromissions; darkly stippled bars indicate cases in which the female had 
zero or one pre-ejaculatory intromission. Thin bars indicate the s.e.m. Panel A shows sperm recovery from the uterus and vagina. Panel B 


shows the numbers of uterine sperm. 


females during mating at one or more times in the past. 
Ninety-four copulations were included; 74 included 
switches. 

We term intromissions the male delivered overall (i.e., to 
the stimulus and experimental females) as ‘‘male intromis- 
sions’’ and intromissions the experimental female received 
as “‘female intromissions.” If, for instance, a male delivered 3 
of his 8 intromissions to the experimental female, there were 
8 male intromissions and 3 female intromissions. Only pre- 
ejaculatory intromissions were counted; the intromission of 
ejaculation was not included in these numbers. 


Statistics 


Multivariate regression analyses [29] were performed to 
relate the male and female pre-ejaculatory experience to the 
variability in sperm recovery and copulatory plug fit. Pear- 
son’s correlation for related samples was also used. 


RESULTS 


The number of pre-ejaculatory intromissions strongly af- 
fected sperm recovery in the female. Few sperm were re- 
covered when the female received fewer than 2 intromissions 
or when the male had fewer than 6 intromissions overall. 
Figure 1A presents the number of uterine and vaginal (i.e., 
total) sperm found after various numbers of male intromis- 
sions for 2 levels of females copulatory experience. Statisti- 
cally, the numbers of male and female intromissions together 
accounted for a significant proportion of the variance in 
sperm recovery: 53% of the variance in the total numbers of 
sperm (vaginal and uterine) was explained by the model in 
which the number of male and female intromissions and their 
interaction were used as predictors, F(3,31)=12.34, 
p<0.0005. Specifically, the interaction of male and female 
intromissions accounted for 51% of this variance, 
F(1,31)= 14.67, p=0.001; the remainder was explained as 
main effects of female (35%) and male (14%) intromissions. 


In addition to affecting total sperm recovery, the pre- 
ejaculatory experience of the male and female also influ- 
enced sperm recovery from the uterus alone. Figure 1B 
shows the number of uterine sperm found after various num- 
bers of male intromissions for 2 levels of female copulatory 
experience. Here 37% of the variance in numbers of uterine 
sperm was explained, F(3,31)=6.03, p=0.002, 53% as the 
interaction of male and female intromissions, F(1,31)=8.64, 
p=0.006, and the rest as main effects of female (43%) and 
male (4%) intromissions. 

This relationship between male intromissions and sperm 
recovery did not occur because certain males always had few 
pre-ejaculatory intromissions and also ejaculated few sperm. 
Rather, it was a consequence of the sporadic occurrence of 
short series that any male might experience. Males that had 
short series on one occasion had long series on others. For 
example, two males that ejaculated after just three intromis- 
sions at one mating each ejaculated after seven and ten in- 
tromissions on others. Moreover, poor sperm recovery was 
not the rule in males that occasionally ejaculated after few 
intromissions. Considering these same males, 11, 17, and 24 
million sperm were recovered when fewer than six intromis- 
sions were delivered, whereas 44, 54, and 96 million sperm 
were recovered when six or more intromissions were deliv- 
ered. 

The review of the 94 copulations selected from archival 
records replicated the dependence of sperm recovery on in- 
tromissions. Here, too, sperm recovery was poor (a) when 
females received fewer than 2 intromissions regardless of the 
male’s experience, or (b) when males delivered fewer than 6 
intromissions overall, even if all were given to the experi- 
mental female. Sixty-one percent of the variance was ex- 
plained by male and female intromissions, F(3,91)=47.42, 
p<0.0001. Their interaction was significant, F(1,91)=8.12, 
p<0.01, and accounted for 22% of this variance. The re- 
mainder was accounted for by the 2 main effects of male 
(15%) and female (63%) intromissions. 
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We examined the fit of the copulatory plug in the experi- 
mental group to assess whether this female-related factor 
might contribute to the reduced sperm recovery. Eighty-one 
percent of the variance in plug fits in these females could be 
explained by the number of male and female intromissions 
that occurred, F(3,31)=45.16, p<0.0001. The interaction of 
male and female intromissions was highly significant, 
F(1,31)=34.36, p<0.0005, accounting for 46% of the vari- 
ance. Fifty-four percent was explained by independent ef- 
fects of male (9%) and female (45%) intromissions. 

Sperm transport from the vagina to the uterus was related 
to the fit of the copulatory plug and the total number of 
sperm recovered. The degree of transcervical sperm tran. - 
port (defined as the number of uterine sperm divided by the 
number of total sperm) was high when copulatory plugs fit 
well (r=+0.70, #(33)=5.63, p<0.001) and when the total 
number of sperm recovered was high (r= +0.47, 1(33)=3.06, 
p<0.01). Conversely, sperm transport across the cervix was 
poor when copulatory plugs fit poorly and when the total 
number of sperm recovered was low. More sperm were re- 
covered overall when plugs fit well (r=+0.50, 2(33)=3.32, 
p<0.01). There was a tendency for greater sperm recovery 
from the vagina when plug fits were poor (r= —0.17, NS) and 
when the number of uterine sperm was low (r=—0.21, NS). 


DISCUSSION 


The presence of sperm in the female rat’s genital tract 
depended upon both (a) the number of intromissions the 
female received and (b) the number the male delivered. 
Many sperm were recovered only when the female received 
at least 2 intromissions and the male had at least 6 intromis- 
sions. Previous work has shown that the female needs these 
pre-ejaculatory intromissions to transport sperm into the 
uterus [1]. The present data confirm this finding and suggest 
that this requirement for multiple pre-ejaculatory intromis- 
sions shows a clear threshold in females: sperm recovery 
was always meager with fewer than 2 intromissions. 

The role of male intromissions (as distinct from female 
intromissions) had not been previously addressed. We found 
that few sperm were recovered when males had fewer than 6 
intromissions, even when the female received more than 2 
intromissions. With 6 or more male intromissions, many 
sperm were usually recovered. This transition from poor to 
good sperm recovery was not abrupt as in the female. 

The stimulation of pre-ejaculatory intromissions is thus 
important to both the male and female rat for sperm re- 
covery. These effects of deficient pre-ejaculatory stimulation 
on sperm recovery may, however, have different mech- 
anisms in the 2 sexes. In this study we estimated sperm 
output in the male by sperm recovery in the female. This 
reduced sperm recovery may have arisen from one or more 
factors: the ejaculation of fewer sperm, a smaller ejaculate, 
and leakage of ejaculated sperm from the vagina and uterus. 
We interpret the data to show that the poor sperm recovery 
was due to both leakage from the female and some male 
process (e.g., reduced numbers of sperm, reduced volume of 
ejaculate). 

Sperm leakage, the ‘‘female effect,’’ seems most likely to 
explain the poor recovery of sperm in cases where the female 
received fewer than 2 intromissions. We believe that, in the 
present experiment, the poorly fitting copulatory plugs of 
these females were not adequate to allow sperm to be trans- 
ported into the uterus and that consequently the sperm in the 
vagina were able to leak out around the poorly fitting 


copulatory plug. It is known that a tightly fitting copulatory 
plug is important for transcervical sperm transport. Poorly 
fitting plugs are associated with poor transcervical sperm 
transport [19,20], and complete disruption of the plug arrests 
further transport [6]. In the present study, females with 
fewer than 2 intromissions had poorly fitting copulatory 
plugs. As expected, recovery of sperm from the uterus of 
these females was poor. Sperm recovery was also poor from 
the vagina—probably because of leakage. 

Three studies ({19,20] and the present one) have exam- 
ined the relationship between plug fit and sperm recovery. 
The studies differ only in the time that elapsed between the 
ejaculation and the assessment of sperm location and num- 
bers. One assessed sperm 7-10 min after ejaculation [19], the 
present one at 25-30 min, and the last at 50-60 min [20]. In all 
cases sufficient time elapsed between ejaculation and sperm 
assessment to ensure that the transport of sperm into the 
uterus was essentially completed [18]. 

All of these studies report that more sperm are found in 
the uterus when the copulatory plugs fit well. However, the 
recovery of vaginal sperm varied. When 7-10 min elapsed 
before assessing sperm numbers [19], many vaginal sperm 
were found when plugs fit poorly. In fact, the combined 
numbers of uterine and vaginal sperm was nearly constant 
for all degrees of plug fit [19]. This reflects the finding that in 
the early minutes after an ejaculation, sperm, which are de- 
posited in the vagina, are gradually transported into the 
uterus when plugs fit well. 

If plugs do not fit well the vaginal sperm cannot enter the 
uterus. However, the sperm do not simply remain in the 
vagina. There is another route for escape of vaginal sperm, 
viz., leakage through the vaginal orifice. This is supported by 
the results of the other studies. When 25-30 min elapse be- 
fore assessment of sperm (the present study), poor plug fits 
were still associated with more vaginal sperm, but the mag- 
nitude of the numbers of vaginal sperm was much reduced. 
We hypothesize that is due to the leakage of sperm from the 
vagina, which is detected in this case because of the addi- 
tional time allowed before assessing sperm. When 50-60 min 
elapsed before sperm location was assessed [20], there was 
no longer a relation between plug fit and vaginal sperm. 
Enough time may have elapsed to allow any residual vaginal 
sperm to leak from the vagina. Thus, even though the 
females with poorly fitting plugs presumably had more vagi- 
nal sperm than females with good fitting plugs, all those ad- 
ditional sperm may have leaked from the vagina, yielding 
low total sperm recovery. 

Leakage probably explains reduced recovery in any case 
where the female received zero or one pre-ejaculatory in- 
tromission. But in some cases a female received 2 or more 
intromissions, the plug fit was good (and consequently sperm 
leakage could not explain poor sperm recovery) and yet sperm 
recovery was poor. In these cases the male had fewer than 6 
intromissions. This points to a role for a ‘male effect’’ in 
reduced sperm recovery. We suggest that when male rats 
ejaculate after fewer than 6 intromissions, they ejaculate 
fewer sperm, a reduced volume of ejaculate, or a poorer 
plug. 

Emission and ejaculation are controlled by the autonomic 
nervous system. The role of the sympathetic and parasym- 
pathetic divisions have been described [28], as has the tem- 
poral sequencing of muscular actions of the reproductive 
structures [23]. Sperm are delivered to the posterior urethra 
from the vas deferens and epidydimis (which serve as sperm 
reservoirs) by increases in tonic and clonic contractile activ- 
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ity in these structures [23]. The contractile activity which 
mediates emission and ejaculation can be stronger and 
weaker on particular occasions. Experimentally, the strength 
of the response is modified by thalamic stimulation [15]. 

In the field of animal husbandry, collection of sperm into 
an artificial vagina is enhanced by some type of “‘sexual 
preparation,”’ either in the form of ‘‘false mounts’’ (mounts 
in which intromission is prevented) or by simple exposure to 
a female before the ejaculate is collected by the experi- 
menter. In rabbits and bulls that were not sexually prepared, 
second ejaculates had more sperm than first ejaculates. 
Providing 3 false mounts to rabbits nearly quadrupled the 
sperm output of the first ejaculate, and increased sperm out- 
put of the second ejaculate by one third [16]. These increases 
were more pronounced for the sperm fraction than the ac- 
cessory gland fractions. Beef and dairy bulls also responsed 
to 3 false mounts by increases in semen volume, sperm con- 
centration, and number of sperm at the first ejaculation [4], and 
beef bulls to 1 false mount and 5 min of active restraint by an 
increase in the percentage of sperm that were motile [12]. 

The preceding paragraph demonstrates that the ejacula- 
tory response is not of fixed strength. However, the restrained 
mating situation is not an exact parallel of the present ad lib 
mating situation, and cannot show that this variability of 
response strength has a role in natural mating. The present 
study, however, since it involved unrestrained natural mat- 
ing, can address the ethological significance of the variability 
in ejaculatory strength. The results clearly establish that 
there is a link between pre-ejaculatory behavior and 
ejaculatory performance in the natural setting. Moreover, 
this relationship affects uterine sperm recovery, a necessary 
prerequisite for fertility and thus a bioassay for the impor- 
tance of this relationship. The number of intromissions prob- 
ably is a rough reflection of the extent of sexual autonomic 
arousal in the rat. As arousal is either more intense or pro- 
longed, the contractile activity of the sperm-containing 
structures consequently would be stronger or prolonged, 
leading to the ejaculation of more sperm, an ejaculate of 
more volume, or a larger plug. 

This intromission-dependent enhancement of ejaculatory 
performance is an example of the general biological phenom- 
enon called behavioral self-feedback [8]. This describes 
cases where an animal’s behavior influences its own subse- 
quent behavior or physiology. Examples include the self- 
licking in female rats which promotes mammary develop- 
ment [24]; the nest-coos of female ring doves (a specific 
component of mating behavior) which control normal follicu- 
lar development [10]; and the vocalizations of young spar- 
rows which are necessary for normal adult singing [17]. 
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Self-stimulation is often an efficient mechanism for an animal 
to coordinate activities which cannot be internally coordi- 
nated. For example, egg laying needs to be coordinated with 
the availability of an adequate nest. In canaries, the tactile 
contact made with a completed nest allows egg laying to 
occur [13]. In contrast, egg laying in ring doves follows a 
certain amount of nest building behavior, independent of the 
condition of the nest [9]. 

These self-stimulatory effects involving the male rat could 
have functional consequences. The number of intromissions 
is known to be influenced by a number of environmental and 
social factors; ejaculatory series with reduced numbers of 
intromissions are not at all rare and may have ecological 
significance. Experimentally, reduced numbers of pre- 
ejaculatory intromissions have been produced by (a) rein- 
forcing the male for ejaculating by the seventh intromission 
[25], and (b) enforcing lengthened inter-intromission inter- 
vals [5,14]. Ecologically, there is a correlation between 
dominance status and mating behavior: Subdominant males 
have fewer than half the number of pre-ejaculatory intro- 
missions than dominant males had [21]. Subdominant male 
rats never averaged more than 5 intromissions in any of their 
first four ejaculatory series; dominant males had more than 6 
intromissions for their first 2 series. In a related finding, 
subdominant male rats seem to have depressed fertility in the 
presence of the dominant conspecific but normal fertility 
when alone [11]. We suggest that in a natural context sub- 
dominant males would take fewer intromissions to ejaculate 
[21], and thus would produce a suboptimal ejaculate. This 
reduced ejaculatory potency, whether manifested as fewer 
sperm, a smaller plug, or less ejaculate volume, could lead to 
reduced fertility [11,27]. 

One last area of potential importance is that this relation- 
ship between pre-ejaculatory behavior and male ejaculatory 
performance may be a general feature of mammalian repro- 
ductive physiology. This relationship has been observed in 
every species so far examined: rabbits, beef and dairy bulls, 
and rats. There are some preliminary data to support the idea 
in human males (DeCherney, personal communication). If 
so, this finding may have application in cases of marginal 
male fertility as a means to enhance the chance of preg- 
nancy. 
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WALLEN, K., D. R. MANN, M. DAVIS-DaSILVA, S. GAVENTA, J. C. LOVEJOY AND D. C. COLLINS. Chronic 
gonadotropin-releasing hormone agonist treatment suppresses ovulation and sexual behavior in group-living female 
rhesus monkeys. PHYSIOL BEHAV 36(2) 369-375, 1986.—The sexual behavior of six adult rhesus females was observed 
with each of four males prior to, during, and following a 90 day treatment with 20 wg/day of a gonadotropin releasing- 
hormone (GnRH) agonist (WY-40972). All females ovulated, approached males and copulated during an untreated cycle. 
No ovulations occurred during agonist treatment and all females showed reduced sexual interest during the last 25 
treatment days. Three females showed elevated estradiol and copulated during the first 10 days of agonist treatment, but 
never showed similar levels of estradiol or copulation during the rest of treatment. Within 34 days after agonist treatment, 
all females initiated proximity to males, copulated, and ovulated. All females became pregnant on their second ovulation 
after agonist treatment. This demonstration that inhibition of ovulation with a GnRH agonist decreased rhesus female 
sexual initiation, demonstrates the importance of ovarian hormones to female sexual motivation and suggests that the 
changes in human female sexual interest should be evaluated during the development of agonist-based contraceptives. 


Gonadotropin-releasing hormone Rhesus monkeys 


Ovulation 


Sexual behavior 





AGONISTS of gonadotropin releasing-hormone (GnRH) ef- 
fectively prevent ovulation in humans during chronic admin- 
istration by either nasal insufflation or injection [16]. 
Females using GnRH agonist treatment have low 
progesterone and variable estradiol levels, and irregular 
periods of menstrual bleeding [3,4]. The effectiveness of 
these compounds and their relative lack of physical side ef- 
fects make them promising contraceptives [16]. Although 
concern has been raised that the estrogen secretion, unop- 
posed by progesterone, often produced by GnRH agonist 
treatment may predispose women to endometriosis [15], 
endometrial biopsies of women receiving long-term chronic 
GnRH agonist treatment revealed no evidence of endome- 
trial hyperplasia [5]. Thus, except for ovulation suppression 
and unpredictable vaginal bleeding, these compounds appear 
to have few physiological side-effects and have been well 
accepted by females in limited clinical trials [3,4]. 
However, current studies have not investigated the effect 
of GnRH-agonist induced suppression of ovarian function on 





female sexual interest. Evidence suggests that ovarian hor- 
mones influence human female sexuality. For example, 
human females exhibit a midcycle increase in heterosexual 
initiation which is suppressed by steroid-containing oral con- 
traceptives [1]. Similarly, sexual activity and orgasm fre- 
quency of homosexual women peak at midcycle [13]. In ad- 
dition, ovo-hysterectomy in humans produces a decline in 
orgasm frequency and sexual satisfaction which is reversed 
by ethinyl estradiol treatment [8]. Such studies illustrate the 
importance of evaluating the behavioral effects of hormonal 
contraceptives which interfere with ovarian steroid secre- 
tion. However, except for one study suggesting that GnRH 
agonist treatment had no obvious effect on ‘‘mood and 
libido’’ [3], the effect of GnRH agonist treatment on female 
sexual interest and behavior has not been studied. 

Female rhesus monkeys, like human females, are 
menstrual primates with a 28 day cycle whose sexual behav- 
ior in social groups is highly related to the female’s ovarian 
cycle [10,20]. Group-living rhesus females initiate sexual ac- 
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tivity just before ovulation by increasing the frequency with 
which they approach and follow males [18]. Female sexual 
interest in the male ceases completely several days after ovu- 
lation and does not return until the next preovulatory period 
[18]. Treatment of female rhesus with daily injections of a 
GnRH agonist inhibits ovulation in a manner comparable to 
that seen in humans [2,6]. Thus the rhesus provides a useful 
model system for investigating the behavioral effects of 
GnRH-agonist induced ovarian suppression. 

The present study investigated the effect of chronic 
treatment with a potent GnRH agonist on the sexual behav- 
ior of intact group-living rhesus females. We present evi- 
dence that GnRH agonist treatment that abolishes ovulation 
is accompanied by a pronounced inhibition of sexual activ- 
ity, reducing female sexual initiation and male copulatory 
behavior. 


METHOD 
Subjects 


Six intact adult rhesus females from a nine-female social 
group and four vasectomized adult male rhesus served as 
subjects. Females had been reared from birth in a large out- 
door breeding group at the Yerkes Field Station, until they 
were removed as a social unit one year prior to the start of 
this study. Females were housed in a 15.2x15.2 m com- 
pound with attached 3.14.9 m indoor quarters. Males were 
housed indoors in individual cages except during behavioral 
observations when they were introduced singly into the 
females’ compound. Males and females had extensive social 
experience with each other during the year prior to the be- 
ginning of this study and were the subjects of a previous 
study relating sexual behavior to endogenous patterns of 
steroid secretion [18]. 

Subjects were fed commercial laboratory monkey chow 
twice daily and received oranges daily. Water was freely 
available in the outdoor compound and in the males’ home 
cages. 

Behavioral tests occurred between October, 1983 and 
March, 1984. This period encompasses the breeding season 
at this latitude [10,20]. 


Design 


The study compared the sexual behavior and hormone 
secretion patterns of females during an untreated menstrual 
cycle to that displayed during daily treatment with 20 yg 
of a gonadotropin-releasing hormone agonist (GnRH; 
D-Trp*-NaMe Leu’-des-Gly’®-Pro*-NHEt-GnRH; Wy-40972; 
Wyeth Laboratories, Philadelphia, PA), and during an un- 
treated recovery cycle following treatment. Sexual behavior 
was observed on Monday, Wednesday, Friday, and Satur- 
day during the pretreatment and recovery cycles, and during 
GnRH agonist treatment days 1-24 and 66-90. No behavioral 
observations were done during treatment days 25-65. 

Saphenous vein blood samples (3 ml) were collected be- 
tween 800 and 1000 hr from unanesthetized, lightly re- 
strained females, using an evacuated sterile blood collection 
system (Vacutainers, B & D 6511). Blood samples were 
collected on days 3, 5, 7, 9-20, 22, 24, 26, and 28 of pretreat- 
ment cycles, daily for days 1-24 of GnRH agonist treatment, 
every Monday and Thursday, during treatment days 25-65, 
every Monday, Wednesday, Friday, and Saturday on treat- 
ment days 66-90, and on post-treatment days 1-5, 7, 9-20, 
22, 24, 26, and every other day until the start of menstrua- 
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tion. Females’ vaginas were checked for bleeding using a 
moistened cotton swab on every day blood samples were 
taken. GnRH agonist, dissolved in sterile saline, was in- 
jected IM daily and immediately following blood collection 
on days when blood was collected. Blood collection and 
agonist injections always occurred before behavioral obser- 
vations. 


Behavioral Observations 


On test days each of four vasectomized males was serially 
introduced into the females’ compound for a minimum of 30 
min. Tests ended when 30 min elapsed unless the male in- 
tromitted during the last five min, when the test was ex- 
tended until a five min period elapsed without an intromis- 
sion or 60 min had elapsed. During the observation period all 
behavior initiated by the male or directed towards the male 
by any female was entered into a Datamyte 900 electronic 
keyboard which recorded the identity of the actor, the be- 
havior, the identity of the recipient, and the time of occur- 
rence in hundredths of minutes since the start of the test. 
Behavioral definitions and a more complete description of 
behavioral procedures can be found in [17,18]. 


Hormone Assays 


Blood samples were allowed to clot at room temperature 
then centrifuged to separate serum, which was stored at 
—20°C until assayed for estradiol, progesterone, and LH. 
Steroid radioimmunoassays were done according to previ- 
ously validated procedures (estradiol: [22], progesterone: 
[21]). The estradiol intra- and interassay coefficients of vari- 
ance (C.V.) were 3.4% and 11.5% respectively. The respec- 
tive progesterone C.V.s were 2.5% and 13.5%. 

LH was assayed using a mouse interstitial cell-T bioassay 
described by Mann [12]. The intra- and interassay C.V.s 
were 8.6% and 15.5% respectively. LH values are expressed 
in terms of the rhesus monkey pituitary gonadotropin stand- 
ard LER-1909-2, provided by the NIADDK. 


Data Analysis 


Since total test length varied behavioral measures were 
converted to hourly rates. All behavioral measures represent 
a mean response per female across all four males. Since the 
sexual behavior of group-living rhesus under these testing 
conditions is cyclical [18], there are no appropriate statistical 
tests to evalute the apparent change in sexual behavior dur- 
ing agonist treatment. However, peak occurrences of sexual 
behavior were compared for the pretreatment cycle, days 
1-24 and 66-90 of treatment, and the posttreatment recovery 
cycle using a one-way analysis of variance for repeated 
measures [7]. Individual means were compared using the 
Neuman-Keuls procedure [7]. 

Since estradiol and progesterone levels were at or near 
the limits of detection during most of the agonist treatment 
period statistical analysis did not provide meaningful infor- 
mation beyond that available from inspection of the data. LH 
was detectable throughout the treatment period and was 
analyzed during this period using a one-way ANOVA for 
repeated measures. 


RESULTS 


All females ovulated during the pretreatment menstrual 
cycle as indicated by midcycle estradiol (Fig. 1, Top) and LH 





GnRH AGONIST AND SEXUAL BEHAVIOR 





Estradiol (pg/mi + SE.) 








Progesterone (ng/mi+ S.E.) 




















LH (ug/mi + SE) 


i 








"STETT FR aaer: Pa % STOTT 
Days From Days of GnRH- Agonist Treatment Days from 
E2 Peak E, Peak 
FIG. 1. Mean (+S.E.) serum estradiol (top), progesterone (middle), and LH (bottom) levels during 
an untreated ovulatory cycle, during daily GnRH agonist treatment, and during an ovulatory 
recovery cycle. Data points without standard errors indicate when the hormone values of all 
females were at the assay’s limit of detection. 
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FIG. 2. Mean (+S.E.) frequency of ejaculation (top) and mean hourly frequency of female 
initiated proximity (bottom) during an untreated ovulatory menstrual cycle, during daily 
GnRH agonist treatment, and during an ovulatory recovery cycle for six group-living rhesus 
females observed with a single male. Data from untreated cycles are aligned by the day of 
the estradiol peak. The break in the baseline during GnRH agonist treatment represents a 


period of no behavioral observations. 


peaks (Fig. 1, Bottom) followed several days later by a sus- 
tained increase in progesterone above 2 ng/ml (Fig. 1, Mid- 
dle). Males ejaculated most frequently with females around 
the time of ovulation (Fig. 2, Top) and females approached to 
within 20 cm of the male (initiated proximity) most fre- 
quently at this time (Fig. 2, Bottom). 

Chronic GnRH agonist treatment suppressed ovulation in 
all females (Fig. 1) and produced a marked inhibition of sex- 
ual activity after the first 15 days of treatment (Fig. 2). The 
frequency with which females initiated proximity progres- 
sively declined during agonist treatment, reaching a consis- 
tently low level during the last 24 days of agonist treatment 
(Fig. 2, Bottom). Copulation rarely occurred during agonist 
treatment except in the first 15 treatment days (32 tests), 
when two females copulated an average of 13.5 times each 


and another female copulated once (Fig. 2, Top). These three 
females frequently initiated proximity during this period, 
whereas the other three females infrequently initiated prox- 
imity and received no ejaculations. A single ejaculation oc- 
curred during the last 24 days of agonist treatment and 
female proximity initiation was uniformly low for all females. 

The peak occurrence of several female and male patterns 
of behavior was reduced during GnRH agonist treatment 
(Table 1). The peak occurrence of female initiation of prox- 
imity was significantly lower during GnRH agonist treatment 
than during either the pretreatment or posttreatment tests. 
Female hand slap was reduced during days 66-90 of agonist 
treatment in comparison to the peak frequencies displayed 
during the posttreatment, but not the pretreatment, cycle. 
Female noncontact present was significantly reduced during 
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TABLE 1 


PEAK FREQUENCIES (MEAN + S.E.) OF BEHAVIOR DISPLAYED BEFORE, DURING, AND AFTER 
DAILY GnRH AGONIST TREATMENT OF SIX INTACT RHESUS FEMALES 





GnRH Agonist Treatment 


Pre- 


Behavior treatment 


Days 1-24 


F-ratio 
df=3,15 


Post- 


Days 66-90 treatment 





Female Proximity 
Female Hand Slap 


Female Present 2.6 + 1.0 


5.6 + 1.0 
8.1+7 
7.6 + 4.0 
1.0 + 0.5 


Male Proximity 
Male Hiptouch 
Male Mount 
Male Ejaculation 


7.4 + 3.9*+ 
9.2 + 7.8t 


2.7 & 1.0°T 5.i, p=0.012 
0.3 + 0.2t ; . 3.9, p=0.031 
1.1 + 0.7*7 F . 5.5, p=0.009 


3.9 + 0.3 ee 1.8, p=0.185 
1.3 + 0.3*t 7.9, p=0.002 
0.8 + 0.2*t 6.5, p=0.005 
0.1 + 0.1*F 8.5, p=0.002 





*Differs significantly from Pretreatment value. 


+Differs significantly from Posttreatment value. 


treatment days 66-90 in comparison to both the pre- and 
posttreatment tests. Male initiation of proximity, in contrast 
to female proximity initiation, did not vary significantly 
across the four test periods. However, male hiptouch, 
mount, and ejaculation were all significantly lower during 
treatment days 66-90 than either pre- or posttreatment 
tests. 

Two females had estradiol levels above 100 pg/ml during 
the first 15 days of agonist treatment and were the only 
females displaying regular sexual activity. The most sexually 
active female’s estradiol level peaked at 427 pg/ml on treat- 
ment day 6. No female’s estradiol level exceeded 90 pg/ml 
from treatment days 15 through 90, with most females con- 
sistently at the limit of detection of the assay (Fig. 1, Top). 
Although two females had elevated estradiol levels during 
the early part of agonist treatment this was not associated 
with an increase in LH or a subsequent increase in 
progesterone. The progesterone levels of all females were 
consistently at or below the assay limit (0.6 ng/ml) through- 
out agonist treatment (Fig. 1, Middle). LH levels (Fig. 1, 
Bottom) increased significantly following the first day of 
agonist treatment and averaged 2-3 yg/ml until they declined 
significantly after 38 days of treatment and averaged less 
than 1.5 yug/ml throughout the rest of the treatment, 
F(28,140)=4.95, p<0.0001. During agonist treatment none of 
the females exhibited peak LH levels comparable to those 
found during either untreated cycle. The average peak LH 
level during agonist treatment (5.3+0.5 ug/ml) was signifi- 
cantly lower than that assayed during the pretreatment 
(12.9+0.8 yg/ml) and recovery cycle (11.5+2.4 pg/ml); 
F(2,10)=7.2, p=0.012. 

All females menstruated between 13 and 20 days of 
agonist treatment. Although estradiol levels were uniformly 
low for all females after day 20, three females showed 
menstrual bleeding between 42 and 49 days of agonist treat- 
ment, with one female showing an additional period of bleed- 
ing starting on treatment day 70 and lasting for seven days. 

Recovery of reproductive function was rapid following 
the cessation of agonist treatment. All females ovulated and 
copulated within 34 days after the end of agonist treatment, 
with most females ovulating within 20 days. Female initia- 
tion of proximity also returned to its clearly cyclic pattern 
after agonist treatment stopped, peaking on the day of the 
females’ estradiol peak (Fig. 2, Bottom). To assess the re- 


turn of fertility, an intact male was introduced into the 
females’ group following the first posttreatment ovulation. 
All six females became pregnant within the next ovulatory 
cycle. 


DISCUSSION 


This study demonstrates that a GnRH agonist treatment 
producing continuously low estradiol levels blocks ovulation 
and produces a nearly complete cessation of sexual activity. 
Female initiation of proximity and soliciting behaviors were 
suppressed and this was accompanied by a marked reduction 
of male copulatory behavior. Surprisingly, male initiation of 
proximity was not clearly affected by the female’s GnRH 
agonist treatment. This suggests either that male approaches 
to females are not indicative of sexual interest or, more 
likely, that males were sexually interested in the females, but 
the treatment suppressed female sexual interest and initia- 
tive. If the latter is the case it would demonstrate the impor- 
tance of female sexual interest and initiative as a determinant 
of sexual behavior in group-living rhesus. 

It seems likely that the inhibition of female sexual behav- 
ior and interest resulted from the agonist-induced decrease in 
Ovarian steroids. Although a direct inhibition of sexual be- 
havior by the agonist cannot be ruled out, several pieces of 
evidence more clearly implicate reduced ovarian estrogens 
as the cause of the behavior suppression. First, increases in 
the patterns of behavior described here are highly correlated 
with estradiol level, but not with either testosterone or 
progesterone, in this testing situation [18]. Second, these 
patterns of female behavior decline following ovariectomy 
and are reinstated by estradiol treatment (Manuscript in prep- 
aration). Third, females in this study who displayed sexual 
behavior during agonist treatment also had elevated estradiol 
levels while those not displaying sexual behavior had sup- 
pressed estradiol. Thus, it seems likely that the GnRH- 
agonist influenced behavior by reducing ovarian estradiol 
through agonist-induced LH suppression. 

Our finding that suppression of ovarian steroid produc- 
tion reduces female sexual initiation is the first experimental 
demonstration in group-living rhesus that cyclic sexual be- 
havior is dependent upon ovarian steroids. These results 
question the importance of adrenal androgens as determi- 
nants of rhesus female sexuality [9]. Presumably these 
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females had normal levels of adrenal androgen, yet they dis- 
played decreased sexual initiation, suggesting that ovarian 
hormones are the principle modulators of female sexual 
motivation. Alternatively one could argue that the ovarian 
suppression reduced the female’s attractiveness to the 
males, but did not alter female sexual interest. Thus the de- 
crease in copulation resulted from reduced male interest in 
the females. This view is not easily reconciled with the data 
from this study since the decline in male copulatory behavior 
was not associated with a change in male approaches to the 
females but was associated with reduced female sexual ini- 
tiation. In contrast, previous studies have demonstrated that 
treatments which reduce female attractivity without in- 
fluencing female sexual interest produce reduced male 
copulatory behavior accompanied by increased female at- 
tempts to initiate copulation [11]. Thus our data are more 
consistent with a reduction in female sexual interest rather 
than a change in female attractiveness and support the view 
that ovarian hormones directly influence female sexual 
motivation. 

The inhibition of female sexual behavior reported here 
contrasts with the facilitation of female sexual behavior by 
either a GnRH agonist [23] or LHRH [14] reported in rats. 
However, facilitation of sexual behavior in female rats re- 
quires estradiol pretreatment, an experimental condition 
which has not been investigated in the monkey. No rodent 
studies have investigated the behavioral effects of GnRH 
agonists or GnRH in intact females. 

The finding that the inhibition of ovulation by a GnRH 
agonist also inhibits female initiation raises concern about 
the effect of these compounds on human female sexual inter- 
est. The treatment employed here produced more complete 
ovarian suppression than is often the case in human studies 
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of GnRH-agonist induced ovulation suppression. Human 
females receiving chronic nasal GnRH agonist treatment 
show a great range of estradiol levels. Some display nearly 
complete estradiol suppression while others show nearly 
normal cyclic estradiol levels [3,4]. Thus the behavioral ef- 
fects of these nasal GnRH agonist treatments may be much 
more variable than the consistent high level of suppression 
produced in our rhesus females. 

The present study suggests that an agonist-based con- 
traceptive should not completely suppress ovarian steroid 
secretion if negative side-effects on female sexual interest 
and satisfaction are to be avoided. Chronic nasal GnRH 
agonist administration [3] or intermittent injections [19] can 
produce cyclic estradiol increases without ovulation. How- 
ever, individual tailoring of the agonist dosage may be re- 
quired to consistently produce the desired combination of 
estradiol secretion and complete ovulation suppression. The 
pronounced behavioral effects of GnRH agonist treatment 
on rhesus female sexual behavior, suggest that careful 
evaluation of the psychological effects of chronic GnRH 
agonist treatment in human females is essential to the devel- 
opment of an acceptable neuropeptide-based contraceptive. 
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CASSELLA, J. V. AND M. DAVIS. The design and calibration of a startle measurement system. PHYSIOL BEHAV 
36(2) 377-383, 1986.—The present study sought to determine appropriate instrumentation for amplification and calibration 
of cages used to measure the acoustic startle response in rats. Fourier analysis indicated that the characteristic frequency of 
the rat startle response is about 5-15 Hz. This value was consistent in cages differing widely in resonant frequency, among 
several different transducers and across a range of large and small startle responses. Given this characteristic frequency 
range of startle, it is suggested that amplifiers fitted with band pass filters centered at about 10 Hz should be ideal for 
measuring startle while simultaneously excluding non-startle activity. A device is described which vibrates startle cages at 
10 Hz, since this seems most appropriate for calibrating the sensitivity of a startle system. Data are presented showing that 
this type of calibrator is more valid than an impact-type calibrator. 


Startle response Amplifiers Calibrators 





THE startle response in rodents is being used increas- 
ingly for the analysis of animal behavior. This reflex, which 
is typically elicited by a loud sound or air puff, has a short, 
reproducible latency and occurs in virtually every rat. Startle 
is a highly graded reflex that can be altered by changes in the 
parameters of the eliciting stimulus, the surrounding en- 
vironmental stimuli, or general state of the animal [6,11]. 
During repetitive stimulation, startle habituates or sen- 
sitizes, depending on the exact parameters used, and has 
provided an excellent model system for the analysis of be- 
havioral plasticity. Startle amplitude can be increased by 
prior fear conditioning [1,7] and currently is being used as a 
model system to evaluate the pharmacology [4,5] and anat- 
omy [13] of classical conditioning. In addition, startle is sen- 
sitive to various drugs and is currently being used to investi- 
gate the pharmacology of behavior [6]. 

To date, many different systems have been described for 
measuring startle. In most cases, the startle response of the 
animal results in movement of a cage which is translated into 
a voltage, amplified, and then displayed, typically as a pen 
deflection or digital readout. A variety of transducers such as 
accelerometers [14], magnets within coils [10], photograph 
cartridges [2,3], strain gauges [15], piezo electric film [12] or 
even purely mechanical systems [1] have been used. Re- 
cently, commercially designed startle cages have become 
available. 

A major, unsolved problem in the field of startle meas- 
urement is that no one has developed a satisfactory way to 
calibrate startle cages so that one cage is just as sensitive as 
another in measuring startle. This is both a problem within 
laboratories (since it would be desirable to have all cages in a 


given laboratory set at a comparable sensitivity) as well as 
across laboratories (since it may be desirable to know how 
similar cage sensitivities are in different laboratories). 

Most calibration systems involve striking a startle cage 
with a reproducible force and measuring the resultant 
movement of the cage. For example, a solenoid may be 
positioned in a cage in such a way that when it is activated, 
the pin hits the cage which generates a voltage at impact. 
Dropping the pin from various heights or dropping pins of 
different weights can be used to determine the output linear- 
ity of the cage. In other cases, a solenoid is connected to a 
rigid superstructure. Activation of the solenoid moves an 
extension rod which hits the cage in a reproducible way [10]. 
Other workers have dropped clay or acrylic balls of different 
weights from various heights and recorded cage output 
[7,12]. 

While it is possible to make calibrators that automatically 
and reproducibly impact onto startle cages, it has never been 
clear if impact-type calibrators are valid devices for mimick- 
ing the behavior of the animal. In this paper, we will present 
evidence suggesting that impact-type calibrators may have 
little validity in this regard. Moreover, we will describe what 
is believed to be the essential aspect of the startle response 
dictating both how startle should be measured and how 
calibrators should be constructed. 


The Problem of Amplification and Calibration 
of Startle Cages 


For the past several years we have been using the startle 
cage system shown in Fig. 1. Each of 5 stabilimeters consists 
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FIG. 1. Photograph of a startle cage. Accelerometer looks like a steel nut with a wire coming out of it 
and is sandwiched between bottom of the cage and a rubber stopper. 


of an 8x 15x15 cm Plexiglas and wire mesh cage suspended 
within a 25x20X20 cm steel frame. Within this frame the 
cage is rigidly sandwiched between 4 compression springs 
above, and a 5x5 cm rubber cylinder below. An accelerome- 
ter (M. B. Electronics Type 302), with a sensitivity of 40-60 
mV/g, is located between the bottom of the cage and the top 
of the rubber cylinder. Its output is fed to an MB-N504 ac- 
celerometer amplifier. Cage movement results in a slight and 
imperceptible displacement of the accelerometer which gen- 
erates a voltage that is proportional to the rate of cage dis- 
placement. Startle is defined as the peak accelerometer out- 
put that occurs within 200 msec after presentation of the 
startle-eliciting stimulus. Because the cage is rigidly held in 
place and no mechanical adjustments are required, the sys- 
tem has remained very stable over several years. 


These 5 cages were calibrated by dropping a wooden arm 
attached to a rigid fulcrum onto the cage from a fixed height. 
By attaching different weights to the arm, graded outputs 
could be measured and the sensitivities of each accelerome- 
ter amplifier adjusted to give comparable outputs for all the 
cages. 

Increased research demands required construction of an 
additional 5 cages. A major change in this new system was to 
replace the M. B. Type 302 accelerometer, which was no 
longer available, with an Endevco Type 2217E accelerome- 
ter. The amplifier chosen for this new system was a WPI- 
DAM 5 amplifier (WPI Instruments, Inc., New Haven, CT) 
since the one made by Endevco was too expensive. How- 
ever, it was discovered that the WPI amplifier differed from 
the MB-N504 amplifier in that the WPI detected and 
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FIG. 2. Oscilioscopic tracing of the output of the startle cage using a 
wide band amplifier (low frequency filter=1 Hz, high frequency=4- 
kHz). The rat was startled by a 20 msec, 4-kHz tone. The stimulus 
artifact in the beginning of the trace is present because the cage acts 
like a microphone and picks up the vibration produced by the tone, 
which is only partially eliminated by the high frequency filter. Within 
about 12 msec of stimulus onset, the cage begins to move down at a 
frequency of about 10 Hz. The higher, smaller amplitude frequency 
reflects the resonant frequency of the cage (about 55-60 Hz). 


amplified the artifact produced by the 4-kHz tone. Conse- 
quently, a low pass filter was built into the WPI amplifier so 
that signals above about 200-Hz were filtered out, thus 
eliminating the stimulus artifact when the 4-kHz tone came 
on. 

Having made these modifications to the WPI amplifier we 
attempted to calibrate the 5 cages using the MB-N504 
amplifier and the 5 cages using the WPI amplifier so that all 
Cages were equally sensitive to vertical displacement. The 
calibrator consisted of a 28 volt solenoid held rigidly in an 
aluminum frame that fit snugly into the startle cage. When 
28 V was applied for 50 msec across the solenoid core, a 50 g 
pin was lifted to a height of 15 mm and then dropped onto the 
base of the cage. By placing a resistance box in series with 
the solenoid and its power supply, the input voltage to the 
solenoid, and consequently the height of the pin, was varied, 
resulting in a graded and essentially linear series of outputs 
from the cage. This calibration system was used to determine 
both the linearity of cage output as a function of impact force 
as well as the overall sensitivity of each cage to vertical 
displacement. Consequently, each amplifier was adjusted so 
that all cages had equivalent outputs based on this calibra- 
tion. 

To validate the impact calibration system, 10 rats were 
tested. On Day 1, 5 rats were placed in the MB-N504 sys- 
tems and 5 were placed in the WPI system. Five minutes 
later the rats were presented with 50, 105-dB noise bursts 
presented at a 20-sec ISI. One day later, the same procedure 
was repeated except rats tested in the MB-N504 system were 
now tested in the WPI system and vice versa. 

The results were striking and unequivocal. Startle ampli- 
tudes measured in the MB-N504 system were within normal 
limits. However, startle amplitudes measured in the WPI sys- 
tem were consistently lower and outside our normal range. 
Relative to the MB-N504 system, the WPI system produced 
lower startle amplitudes, 1(9)=6.78, p<0.001, despite the obser- 
vation that rats in the WPI system seemed to be startling just as 
much. It appeared that startle was only minimally detected in 
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FIG. 3. Fourier analysis of acoustic startle elicited with a 20 msec, 
110 dB 4000 Hz tone measured with a wide band amplifier (low 
filter=1 Hz, high filter=200 Hz). Panel A—normal rat startle. Panel 
B—startle 10 min after injection of 1.0 mg/kg strychnine. Panel 
C—normal startle in a cage containing a 11 kg lead brick to drasti- 
cally change the resonant frequency of the cage. In all cases a domi- 
nant peak around 10 Hz occurs, which represents the frequency of 
startle. 


this system, despite the fact that it had been calibrated with the 
solenoid to have output voltages equivalent to that of the 
MB-N504 system. Several experiments were conducted to 
determine the source of the inequity. After various inter- 
changes of the cages, accelerometers and amplifiers it was 
concluded that startle amplitudes were systematically larger 
whenever the MB-N504 amplifier itself was used. To deter- 
mine why the MB-N504 amplifier seemed better suited for 
measuring startle, the frequency-response function of this 
amplifier was assessed and compared to that of the WPI 
amplifier. This analysis showed that the MB-N504 amplifier 
was most sensitive to a 10 Hz signal and very insensitive to 
frequencies above about 50 Hz and below about 2 Hz. In 
contrast, the WPI amplifier had a fairly flat response output 
from 2-100 Hz, and then fell off thereafter according to the 
filter installed to cut off high frequencies. 


Frequency Analysis of the Rat’s Startle Response 


The analysis of the MB-N504 amplifier suggested that a 
narrow pass filter centered about 10 Hz would be ideal for 
measuring startle. This led us to conclude that, contrary to 
the beliefs held by us and others in the field, the effective 
frequency of the rat startle response must be quite low, 
around 10 Hz. In fact, casual inspection of oscilloscope trac- 
ings of cage output resulting from a rat’s startle (measured 
with a wide band amplifier) suggested a dominant frequency 
of about 10 Hz with a secondary one that is considerably 
higher at about 65 Hz (Fig. 2). This higher dominant fre- 
quency might represent the resonant frequency of the 860 g 
cage. 

The frequency of the rat’s startle response was subse- 
quently analyzed in a more systematic fashion. Auditory 
startle responses to 50 4-kHz tones presented at a 30-sec ISI 
were measured in the cage pictured in Fig. 1 using a fairly 
wide band amplifier (low frequency cutoff=1 Hz, high fre- 
quency cutoff=4-kHz) and the Endevco 2217E accelerome- 
ter. Four animals were individually tested with 2 of these rats 
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FIG. 4. Fourier analysis of cage output when an impact type cali- 
brator was used. Calibrator consisted of a solenoid which dropped a 
50 g pin from a height of 15 mm onto the cage floor. Note that there 
is no peak whatsoever at 10 Hz, indicating that an impact calibrator 
does not mimick rat startle in terms of the frequency of response. 


injected with strychnine. This drug, which markedly in- 
creases startle [9], was used to determine if the frequency of 
high amplitude startle was comparable to the frequency of 
low amplitude startle. To drastically alter the resonant fre- 
quency of the cage, an 11 kg lead brick was placed in the 
cage and another rat was presented with 50 tones. Finally, 50 
activations of the solenoid calibrator were given at a 30-sec 
interval. In all cases, the data were recorded on FM tape, 
and subsequently digitized and analyzed by Fourier trans- 
form using standard computer programs. 

Figure 3A shows a power spectrum for a normal rat star- 
tled in a cage like that shown in Fig. 1. A primary peak can 
be seen around 10-12 Hz with a secondary peak occurring at 
about 65 Hz. Figure 3B shows results for a rat given 
strychnine. Note again the primary frequency peak at 7-12 
Hz and a secondary peak at 65-70 Hz. As previously 
suggested by casual inspection of oscilloscope tracing and 
indicated by Fourier analysis, the rat startle response 
produces two dominant sets of frequencies, one centered at 
about 10 Hz and the other centered at about 65 Hz. It is 
likely that one of these peaks represents the true frequency 
of the rat’s startle while the other peak represents the reso- 
nant frequency of the cage when it is put into motion by the 
startling rat. 

It had been observed that when the cage is tapped with a 
metal rod and allowed to vibrate, it oscillates at about 55-65 
Hz, suggesting that the lower frequency peak found with the 
power spectrum analysis represents the rat startle response. 
It was reasoned that the startle frequency would be un- 
changed when the resonant frequency of the cage was al- 
tered. The resonant frequency of the cage could be reduced 
by making the cage itself heavier. Therefore, the front and 
back walls of the cage were removed and an 11 kg lead brick 
was balanced on the floor bars. This changed the resonant 
frequency of the cage to about 20-25 Hz, as judged by tap- 
ping the cage with a metal rod. Figure 3C shows the Fourier 
analysis of a rat (placed on top of the brick) startling in this 
very heavy cage. Two dominant peaks were again found. 
One peak was now centered around 22 Hz, the new resonant 
frequency of the cage. This is dominant because the cage 
vibrates regularly and for a long time at this frequency since 
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FIG. 5. Frequency response of the MB-N504 amplifier and a WPI- 
DAMS amplifier fitted with a 200 Hz high frequency filter. The 
amplifiers were adjusted to give comparable outputs using the im- 
pact type calibrator which vibrated the cage primarily at a frequency 
of 55-60 Hz (at arrow). Despite equal sensitivity with this calibrator, 
the MB-N504 was much better for measuring startle, since it was 
much more sensitive at 10 Hz than the other amplifier. 


it is no longer as effectively damped. Most important, how- 
ever, is that even following this dramatic change in resonant 
frequency, a peak was still produced at about 10 Hz. 

Figure 4 shows the Fourier analysis of cage output when 
the solenoid calibrator was used. Two points are evident. 
First, the dominant frequency now peaks at about 56 Hz, the 
resonant frequency of the cage containing the relatively 
heavy calibrator. More importantly, however, is the absence 
of a peak at 10 Hz that is typically seen when a rat startles. 
Hence an impact-type calibrator basically moves the cage at 
its resonant frequency (plus some harmonics) but not at the 
frequency at which a rat startles. 


Other Transducers 


To test the generality of the conclusion that startle con- 
sists of a 10 Hz perturbation of the cage, we substituted 
different transducers for the Endevco accelerometer. These 
included the original MB-Electronics accelerometer, a teflon 
coated magnet inserted halfway into a 28 volt relay coil, and 
a 14-cm midrange speaker. The accelerometer and the mag- 
net in the coil were sandwiched between the bottom of the 
cage and the rubber stopper similar to the accelerometer 
pictured in Fig. 1. The speaker was placed next to the cage 
and cage movements were translated by a light metal rod 
rigidly mounted to the side of the cage in contact with the 
center of the speaker. Auditory startle responses elicited by 
25 presentations of 110-dB noise bursts were recorded using 
the same rat placed in a cage equipped with each of the four 
different transducers, using a different transducer for each 
run of 25 auditory stimuli. In addition, 25 bangs of the impact 
calibrator were also presented, using each of the four trans- 
ducers. The data were recorded on FM tape, digitized and 
analyzed by Fourier transform. 

For each of the four transducers, the rat vibrated the cage 
at a lower frequency than the impact calibrator did. Major 
peaks for the power spectrums obtained from rat startle re- 
sponses were 5.0 (MB-Electronics accelerometer); 12.5 
(Endevco accelerometer); 7.5 (magnet in the coil); and 7.5 
(speaker). For the magnet in the coil a major peak also oc- 
curred at 60 Hz, probably reflecting the resonant frequency 
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FIG. 6. Photograph of a startle cage calibrator consisting of a cut-down loud speaker that can be 
vibrated at 10 Hz. Lead weights sit inside the cone to provide extra mass. An accelerometer is bolted 
to the lead weights and is used to determine precisely the extent to which the cone moves. 


of the cage as it connected to this transducer. Major peaks 
for the power spectrum obtained from the impact calibrator 


were 30 (Endevco accelerometer); 120 (MB-Electronics ac- 
celerometer); 30 (magnet in the coil); and 120 (speaker). 
Based on these data, we conclude that the rat startle re- 
sponse is roughly equivalent to a S—15 Hz perturbation of the 
cage. While the exact value may vary somewhat depending 
on the cage and transducer that is used, the rat consistently 
vibrates the cage during startle at a lower frequency than that 
seen when the cage is set into motion by a mechanical im- 
pact. Hence an amplifier that preferentially measures a 
signal around 10 Hz should be optimal for measuring startle. 


The Problem With impact Type Calibrators 


A question that arises is why the WPI amplifier did not 
measure startle even though it was set to be equivalent to the 
MB-N504 amplifier according to the impact calibrator. Fig- 
ure 5 shows the frequency characteristics of the MB-N504 
amplifier and the WPI amplifier fitted with a 200 Hz high 
frequency filter. When the impact calibrator was used (ar- 
row) it basically vibrated the cage at its resonant frequency 
(55-65 Hz). The two amplifiers were thus set to give equiv- 
alent output voltages at about 55-65 Hz. Since the response 
characteristics of the WPI amplifier are essentially flat at 
lower frequencies, its output at 10 Hz would be about the 
same as that at 65 Hz. However, since the MB-N504 
amplifier markedly attenuates signals above 10 Hz, its gain 
had to be substantially higher to give an equivalent output at 
65 Hz. At such a gain, it was highly sensitive to a 10 Hz 
signal and therefore especially sensitive to startle. 

One could argue that comparable results would have been 
obtained if the gain of the WPI amplifier had simply been 
turned up to give an ouptut comparable to the MB-N504 
amplifier (i.e., if the dotted line in Fig. 5 were shifted up by 


about 40 units). The problem with this argument, however, is 
that although startle would be measured adequately, so 
would all other cage movements, especially the resonant fre- 
quency of the cage. Hence any spontaneous, non-startle 
movements would be picked up. Much non-startle activity 
can be eliminated by measuring startle over a narrow time 
window after the eliciting stimulus. However, in some cases 
even this may not be adequate. For example, if a rat were 
given amphetamine (a drug that markedly increases activity 
as well as startle), the system might not discriminate be- 
tween increases in startle and drug-induced increases in ac- 
tivity. In contrast, we have shown elsewhere that the MB- 
N504 system does discriminate even when high doses of am- 
phetamine are given [8]. Thus, the use of impact-type cali- 
brators results in startle measurement systems that are not 
differentially sensitive to a frequency of response centered 
around the rat’s startle. 


A Valid Calibration System 


The data point to the conclusion that the startle response 
is like a 10 Hz signal. Therefore, the best way to calibrate 
startle cages would be to vibrate them at 10 Hz. To do this 
we took a large woofer (Radio Shack Cat No. 40:1275 A) and 
cut it down so that only the driver and cone remained. We 
then cut out lead circles, each weighing about 50 g and posi- 
tioned them within the cone to add mass to the vibrating 
cone (Fig. 6). Care had to be taken to use parts that would 
not be attracted to the very strong driver magnet (e.g., we 
used lead weights and a stainless steel bolt to allow even 
stacking of the weights). A total weight of about 250g 
worked best—about the size of a rat. This provided enough 
mass to easily move the cage, yet not so much that the 
speaker cone wabbled. A 10 Hz signal generated by a 
Wavetech signal generator (Model 182A) was used to drive 
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FIG. 7. Mean amplitude startle response over blocks of 6 stimuli 
(2-min periods) after injection of water or 1.0 mg/kg strychnine in the 
MB-N504 (left panel) or WPI-DAMS (right panel) startle test systems. 





the cut-down speaker and, consequently, the cage at 10 Hz. 
An accelerometer (Endevco 2217 E) was mounted directly 
onto the lead weights to monitor the movement of the cali- 
brator. In this way a constant, measurable frequency and 
amplitude of vibration was used to calibrate each cage by 
placing the calibrator inside the cage, setting the Wavetech 
to produce a 10 Hz vibration (as measured by the output of 
the accelerometer on the calibrator), and setting the cage 
accelerometer amplifier to produce a specific output. 


A Functional Startle Measurement System 


To make the WPI amplifier comparable to the MB-N504, 
we added a 10 Hz band pass filter at the input stage of the 
amplifier. We then set all 10 cages (5 using MB-N504 
amplifiers, 5 using the modified WPI amplifiers) to have 
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equivalent outputs according to the calibrator described 
above. 

The ultimate test of this new system was conducted using 
a total of 20 rats. On Day 1, 5 rats were injected with water 
and 5 with strychnine (1.0 mg/kg) and then presented with 
90, 105 dB noise bursts at a 20-sec ISI in the MB-N504 
amplifier system. On Day 2, these procedures were re- 
peated, except rats given water on Day 1 were now given 
strychnine and vice versa. The other 10 rats were treated 
identically, except they were tested in the modified WPI 
amplifier system. On Days 3 and 4 these procedures were 
repeated once again but rats tested initially in the MB-N504 
amplifier system were now tested in the modified WPI 
amplifier system and vice versa. In this way, all rats were 
tested in both amplifier systems after administration of water 
or strychnine, with the order of system testing and drug ad- 
ministration completely balanced. 

Figure 7 displays the results and two points are evident. 
First, baseline startle levels (startle after water) were essen- 
tially identical in both systems. Second, the magnitude and 
time course of strychnine’s excitatory effect on startle were 
also essentially identical. An overall analysis of variance 
indicated a significant strychnine effect, F(1,19)=35.62, 
p<0.001, a significant time effect, F(19,361)=5.48, p<0.001, 
and a significant time x _ strychnine interaction, 
F(19,361)=7.60, p<0.001. However, there were no signifi- 
cant differences between the two startle amplifier systems 
nor any interactions involving these two startle systems. 
This is in marked contrast to the analysis of these systems 
prior to the addition of the 10 Hz filter to the WPI system. 

In conclusion, the rat startle response is best described as 
a 5-15 Hz signal. Hence transducers and amplifiers that are 
preferentially sensitive to about 10 Hz should be ideal for 
measuring startle while simultaneously filtering out cage 
movements produced by non-startle activity. In fact, expen- 
sive wide band amplifiers and accelerometers sensitive to 
high frequencies are not required at all. Lower cost ac- 
celerometers sensitive to low frequencies should be perfectly 
adequate. A calibration device that moves the startle cage at 
this frequency appears to be a valid method of standardizing 
the sensitivity of these units. 
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KASSER, T. R. AND R. J. MARTIN. Induction of ventrolateral hypothalamic fatty acid oxidation in diabetic rats. 
PHYSIOL BEHAV 36(2) 385-388, 1986.—Diabetic rats were used to test a previous hypothesis that alterations in ven- 
trolateral hypothalamic (VLH) fatty acid oxidation observed in over- and underfed rats were a function of the animals’ 
peripheral energy balance and not merely a function of their energy intake. Standard adaptations to the diabetic condition 
were exhibited in streptozotocin diabetic rats such as depressed body weights, hyperphagia and hyperglycemia, elevated 
serum free fatty acids, depressed insulin concentrations, depressed hepatic glucose oxidation and elevated hepatic fatty 
acid oxidation. Rates of VLH fatty acid oxidation to CO, and to an acid, water-soluble fraction in diabetic rats were 
elevated relative to non-diabetic rats. The alterations in VLH fatty acid oxidation in diabetic rats were similar to changes 
previously observed in animals exhibiting a negative energy balance. The results were discussed with respect to the 
concept that VLH fatty acid oxidation was a component in the recognition of peripheral energy balance and, in part, served 


to alter the regulators of energy balance and food intake. 
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Energy balance regulation 





PREVIOUSLY, it was demonstrated that rats which were 
fed either 150% or 50% of their normal intake had specific 
changes in ventrolateral and ventromedial hypothalamic glu- 
cose and fatty acid metabolism [10,11]. In hungry rats, lat- 
eral hypothalamic fatty acid oxidation and GABA shunt ac- 
tivity were increased. In overfed rats these metabolic 
changes were reversed. The ventromedial hypothalamus re- 
sponded differently to these energy states. Fatty acid oxida- 
tion was not altered but the rate of fatty acid synthesis and the 
pentose phosphate pathway were altered in the ventromedial 
hypothalamus of under or overfed rats. It was proposed that 
these hypothalamic adaptations were a response to the 
animals’ peripheral energy status and in turn these adapta- 
tions may have given rise to signals which may modify the 
regulators of energy balance—food intake, endocrine status 
and autonomic nervous activity. However, because these 
animals were not in a free feeding state, it could be easily 
argued that the metabolic adaptations of the hypothalamus 
were simply a result of the level of energy intake and not due 
to peripheral energy status. In the present study we wished 
to distinguish between these two possible effectors of hypo- 
thalamic energy metabolism. Diabetic rats were used as they 
had a characteristic of 150%-fed rats, both having energy 
intake greater than normal. As well, diabetic rats had a char- 
acteristic of 50%-fed rats, both animals having a negative 
energy balance. If metabolic adaptations were present in the 





hypothalamus of diabetic rats, the direction of change as 
discussed above would be indicative of whether energy bal- 
ance or food intake was the effector of hypothalamic energy 
metabolism. 


METHOD 


Eighteen lean, male, Zucker rats weighing 280 to 315 g 
were used to examine the effect of diabetes on hypothalamic 
energy metabolism. Rats were housed singly in wire mesh 
cages, given ad lib access to water and Purina Rat Chow and 
exposed to 12 hr on:12 hr off light:dark cycle. The control 
group consisted of 7 saline injected rats. The diabetic group 
consisted of 11 rats which received an intraperitoneal injec- 
tion of streptozotocin (50 mg/kg) at 8:00 a.m. after an 18 hr 
fast. Immediately before injection, streptozotocin 
(Calbiochem-Behring Corp., La Jolla, CA) was dissolved in 
a Na*-citrate buffer (pH=4.0, 25 mg/ml). Food intake and 
body weights were recorded daily. 

Twelve days after injection of streptozotocin, rats were 
sacrificed by decapitation between 8:00 and 10:00 a.m. 
Trunk blood was collected. The brain was removed and 
placed in a slicing block similar to that described by Heffner 
et al. [6]. Cortex, ventromedial hypothalamus (VMH) and 
ventrolateral hypothalamus (VLH) were dissected from a 
coronal brain slice as previously shown [10]. The liver was 
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TABLE 1 
BODY WEIGHT AND FOOD INTAKE IN DIABETIC AND CONTROL RATS 





Treatment +1 +2 +3 +4 


+$ 


+6 +7 +8 





Body weight (g) 
Control (7) 297 


+8 


275* 
+7 


301 
+8 


276* 
£7 


304 
+8 


ais 
+7 


311 
+9 
277* 
+8 


Diabetic (11) 


2 to3 3to4 4to 5 5 to6 


315 
+9 


270* 
+6 


319 
+9 


270* 
+6 


328 
+9 


265* 
+7 


328 
+9 


274* 
+7 


334 
+10 


279* 
+8 


338 
+9 


270* 
+7 


7to8 8 to 9 9 to 10 10 to 11 11 to 12 





Food intake (g) 
Control (7) 26.3 


+1.6 


27.3 
+1.8 


24.8 
+1.2 


32° 
£2.7 


25.9 
+0.9 


32.0* 
+1.2 


21.1 
+0.8 


32.5* 
£15 


Diabetic (11) 


22.8 
+0.5 


35.6* 
21.3 


25.8 
+0.5 


42.1* 
+1.7 


23.5 
+0.8 


38.7* 
+1.0 


22.4 
+1.3 


38.5* 
+1.9 


21.8 
+1.4 


36.7* 
+0.9 


1.2 


35.9* 
+1.2 





Values are means + SE with N=the number shown in parentheses. An asterisk (*) indicates a significant difference between the control 


and diabetic sample mean (p<0.05). 


removed from the carcass and weighed. Hepatic pieces were 
dissected to yield weights similar to those of the brain sites (7 
to 12 mg). Tissues were weighed and placed in 16x 100 mm 
test tubes containing 0.5 ml of medium. Medium consisted of 
a Krebs-Ringer bicarbonate buffer ('/2 Ca**) containing 10.0 
mM glucose, 1.0 mM palmitate, 2% BSA and either ("C-1) 
palmitate (1.0 wCi/umol) or (*C-U) glucose (0.05 wCi/mol). 
Tubes were gassed with O,:CO, (95:5), sealed with rubber 
stoppers equipped with hanging center wells and placed in a 
metabolic shaker (37°C, 90 oscillations/min). After a 120 min 
incubation, reactions were stopped by the addition of 0.2 ml 
of hyamine-hydroxide (1.0 M in methanol) to center wells 
and 0.5 ml of 1.0 N H,SO, to medium. Tubes were returned 
to the incubation for 60 min to complete CO, trapping. Cen- 
te: wells were removed and placed in scintillation vials con- 
taining 10 ml of a toluene:methanol (85:15, v/v) based liquid 
scintillation cocktail. Methanol was added to the cocktail to 
decrease chemiluminescence associated with hyamine- 
hydroxide. To assess conversion of palmitate carbons to 
acid, water-soluble products (AWSP), 3.0 ml of chloro- 
form:methanol (1:2, v/v) was added to tubes containing “C- 
palmitate. Extraction procedures were previously described 
[8]. Conversion of palmitate to AWSP was shown to be a 
reliable estimate of hepatic ketogenesis [15] and brain amino 
acid synthesis from TCA intermediates [12]. 

The blood collected at sacrifice was permitted to clot, 
then centrifuged at 1,500xg and the serum was stored at 
—20°C. Serum glucose concentration was determined using a 
glucose oxidase procedure (Sigma Chemical Co., St. Louis, 
MO). Free fatty acid concentration in serum was determined 
colorimetrically [2], while serum insulin was determined by a 
modified version [7] of the double antibody procedure of 
Hales and Randle [5]. 

Radioactive metabolites were purchased from New Eng- 
land Nuclear (Boston, MA), while non-radioactive chemicals 
were purchased from Sigma Chemical Co. (St. Louis, MO). 
Statistical significance of the difference between control and 
diabetic sample means was assessed with Student's f-test. 


TABLE 2 


SERUM GLUCOSE, FREE FATTY ACID AND INSULIN 
CONCENTRATIONS IN DIABETIC AND CONTROL RATS 
AT SACRIFICE 





Treatment 


Serum Parameter Control (7) Diabetic (11) 





Glucose (mg/dl) 
Free fatty acid (ug/l) 
Insulin (4U/ml) 


108 
597 
15.2 


15* 
113* 
0.4* 


+ 
= 


I+ I+ I+ 





Values are means + SE, with N=the number shown in par- 
entheses. An asterisk (*) indicates a significant difference between 
the control and diabetic sample mean (p<0.05). 


RESULTS 


Streptozotocin injected rats weighed 7% less than control 
rats 24 hr after injection (Table 1). Glucose began to appear 
in the urine of injected rats 36 hr after injection. Diabetic rats 
weighed 20% less than control rats at sacrifice (Table 1). 
Hyperphagia was not apparent in diabetic rats prior to the 
third day after injection. Food intake in diabetic rats during 
the third to fourth day post-injection interval was 26% 
greater than control rats (Table 1). Hyperphagia became 
more apparent with time as food intake in diabetic rats rose 
to a level that was 56-72% greater than control rats. At sac- 
rifice, diabetic rats had a 403% increase in serum glucose, a 
158% increase in serum free fatty acid and an 84% reduction 
in serum insulin concentrations relative to concentrations in 
control rats (Table 2). 

Hypothalamic and hepatic levels if in vitro glucose and 
fatty acid oxidation in diabetic and control rats are shown in 
Table 3. No alterations in glucose oxidation were observed 
in brain sites of diabetic rats; however, there was a tendency 
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TABLE 3 


HYPOTHALAMIC AND HEPATIC LEVELS OF IN VITRO GLUCOSE AND FATTY ACID OXIDATION 
IN DIABETIC AND CONTROL RATS 





Substrate 


Control (7) Diabetic (11) 





Glucose COo.: 
tissue: liver 
ventrolateral hypothalamus 
ventromedial hypothalamus 
cortex 


Palmitate COo,: 
tissue: liver 
ventrolateral hypothalamus 
ventromedial hypothalamus 
cortex 


Palmitate acid, water-soluble product 
tissue: liver 
ventrolateral hypothalamus 
ventromedial hypothalamus 
cortex 


1.65 
91.71 
60.71 
45.42 


1.23 
82.61 
55.07 
39.12 


I+ I+ I+ I+ 


I+ I+ 1+ I+ 


199 
438 
702 
161 


488 
683 
853 
177 


I+ I+ It I+ 
I+ I+ I+ I+ 


1364 
1365 
1906 

655 


2243 
2029 
2257 

661 


I+ I+ I+ I+ 


I+ I+ It I+ 





Values are means + SE, with N=the-number shown in parentheses. An asterisk (*) indicates a 
significant difference between the control and the diabetic sample (p<0.05). Values are expressed 
as nmol of glucose of pmol of palmitate to product/10 mg-2 hr. 


for these rates to be lower than those observed in controls. 
Hepatic glucose oxidation in diabetic rats was 25% lower 
than in control animals. Palmitate oxidation to CO, in dia- 
betic rats was increased by 56% and 145% in VLH and liver, 
respectively, compared to control rats. Similarly, palmitate 
oxidation to AWSP in diabetic rats was increased by 49% 
and 64% in VLH and liver, respectively, compared to control 
rats. Diabetes did not alter the oxidation of palmitate to CO, 
or AWSP in the VMH or cortex. 

The in vitro rates of glucose and fatty acid oxidation in 
brain sites were lower in this study than in previous studies 
[9,10]. An initial study had indicated that in vitro brain me- 
tabolism was similar when tissues were incubated in 25 ml 
flasks or 16100 mm test tubes. After completion of the 
diabetic study, two more studies were initiated to compare in 
vitro metabolism in flasks and tubes. Tubes were found to 
decrease the rates of oxidation by 30 to 50% relative to 
flasks. The use of test tubes offered several advantages: (1) 
increasing the capacity of incubators (holds 40 flasks or 144 
tubes), (2) decreasing costs by decreasing medium volume 
(2.0 ml/flask or 0.5 ml/tube), and (3) decreasing background 
counts as center wells were farther away from media and 
more easily visible when killing reactions in tubes compared 
to flasks. Increasing the rate of oscillation and manipulating 
the means of gassing were not effective in increasing 
metabolic rates in tubes. However, the characteristic hierar- 
chy of VMH VLH cortex fatty acid oxidation observed with 
flasks was maintained in tubes. Thus, the in vitro metabolic 
adaptations observed for VLH fatty acid oxidation was 
probably associated with altered homeostatic mechanisms in 
the animal and not a function of the incubation vessel. 


DISCUSSION 


The streptozotocin diabetic rats in our experiment exhib- 
ited the standard adaptations associated with the non- 
regulated insulin dependent diabetic condition [4]. Diabetic 


rats had depressed body weights, were hyperphagic and 
hyperglycemic, had elevated serum FFA and depressed in- 
sulin concentrations, depressed hepatic glucose oxidation 
and elevated hepatic fatty acid oxidation. The hypothalamic 
data of the present study supported the concept that VLH 
fatty acid oxidation was responsive to peripheral energy 
status and not simply responsive to the level of energy in- 
take. Previous studies have shown that elevated rates of 
VLH fatty acid oxidation were characteristics of ‘‘hungry”’ 
rats [9,10]. In the present study rates of VLH fatty acid 
oxidation to CO, and AWSP in diabetic rats were elevated 
relative to control rats. Thus, even in the presence of in- 
creased energy intake, the alteration in VLH fatty acid oxi- 
dation in diabetic rats was similar to that observed in hungry 
rats, indicating that the rate of VLH fatty acid oxidation was 
responsive to changes in peripheral metabolic demands and 
not to changes in energy intake. 

Greater conversion of palmitate carbons to an acid, 
water-soluble fraction in VLH of diabetic compared to con- 
trol rats was particularly interesting with regard to some re- 
cent observations. Kawamura and Kishimoto [12] have 
shown that about 80% of the water-soluble products of brain 
mitochondria palmitate oxidation was associated with the 
synthesis of glutamate, a well established excitatory neuro- 
transmitter in the CNS [3]. The VLH has been associated 
with feeding mechanisms as increased neuronal electrical 
energy has been shown to elicit feeding [1]. Hyperphagia in 
diabetic rats may have been induced by palmitate oxidation 
to glutamate and its subsequent elicitation of neuronal elec- 
trical activity in the VLH. An alternative to this proposal 
was based on recent observations by Oomura et al. [14] who 
demonstrated that a five carbon organic acid (3-deoxypen- 
toate) was a product of CNS palmitate oxidation, elicited 
electrical activity of glucose sensitive neurons in the VLH 
and induced food intake when applied to the VLH but was 
ineffective when applied to other brain areas. These conflict- 
ing data regarding the identity of the palmitate metabolite 
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may be explained by the fact that Kawamura and Kishimoto 
[12] used an isolated mitochondria preparation, which would 
not have permitted cytosolic modification of the glutamate 
synthesized from palmitate. These observations and the fact 
that glutamate and 3-deoxypentoate are both five carbon 
compounds suggests a cytosolic pathway for the conversion 
of glutamate to 3-deoxypentoate. Therefore, the glutamate 
and 3-deoxypentoate hypotheses are not mutually exclusive. 
Induction of diabetic hyperphagia may have been associated 
with greater VLH production of 3-deoxypentoate in diabetic 
compared to control rats. However more information on the 
metabolism of these compounds is needed to support these 
Suggestions. 

While significant changes in VLH and VMH glucose oxi- 
dation were not observed in diabetic rats, the tendency for a 
reduction has indicated a need to examine specific pathways 
of glucose utilization. For example, VMH pentose phos- 
phate pathway activity was increased in satiated rats in the 
absence of large changes in total glucose flux [11]. We previ- 
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ously proposed that insulin may specifically alter the follow- 
ing pathways [10,11]: (1) glucose flux through the VLH 
GABA-shunt, (2) glucose flux through the VMH pentose 
shunt and (3) fatty acid synthesis from glucose in the VMH. 
Woods and Porte [16] have shown that cerebrospinal fluid 
(CSF) insulin concentrations related well to serum insulin 
concentrations over the long term, while Ono et ai. [13] were 
not able to demonstrate a rise in CSF insulin concentrations 
after increasing serum insulin 3-fold for 4.5 hr. Knowledge of 
CSF insulin status and the specific pathways mentioned 
above in streptozotocin rats would be useful in assessing the 
importance of insulin in energy balance regulation. 

In summary, diabetic rats exhibiting the standard 
homeostatic alterations were observed to have elevated rates 
of VLH fatty acid oxidation to CO, and to acid, water- 
soluble products. Combined with previous observations, 
these data indicated that elevated VLH fatty acid oxidation 
was a reponse to deficient peripheral energy status and may 
be related to the induction of hyperphagia. 
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FOURIEZOS, G. A three-channel swivel for electrical brain stimulation in unrestrained rodents. PHYSIOL BEHAV 36(2) 
389-391, 1986.—The construction of an inexpensive, three-channel commutator is described. The unit maintains uninter- 
rupted contact with unrestrained rodents. Rotation requires the application of very little torque because tension is low and 


because the rotor, weighing about 2.5 g, has negligible inertia. 


Swivel Commutator 


Slip-ring commutator 





SEVERAL shop-constructable designs for multichannel 
commutators have been published [1-6] and many more 
commercial units are available at costs upwards of about two 
hundred dollars. This note describes the design and con- 
struction of a reliable, three channel swivel which is rela- 
tively easy to assemble and which costs less than twenty 
dollars in parts. No special tools other than the basic ones 
used on an electronics bench are required. 


MATERIALS 
Central Rotor (Fig. 1; A,B,C) 


The rotating core of the commutator is constructed from 
three sizes of telescoping tubing that skip the sizes inter- 
mediate between them. The two spaces between the three 
brass tubes are filled with heat-shrinkable tubing. By trial 
and error, one may select a size of heat-shrinkable tubing so 
that it shrinks to a wall thickness of approximately '/32 inch 
(0.8 mm) and thus perfectly spaces the brass tubes. The 
outermost and shortest brass tube (A) has a length of 3/s inch 
(9.5 mm) and a diameter of 3/16 inch (4.8 mm) which snugly 
fits inside the inner race of the ball bearing (D). The heat- 
shrinkable tubing separating the outer (A) and middle (B) 
brass tubes cafihot be seen in Fig. 1 because it is trimmed 
flush with the end of the outer brass conductor (A). The 
middle brass tube (B) extends up '/2 inch (13 mm) above the 
ball bearing and the innermost conductor (C) rises to about 
3/4 inch (19 mm) above the bearing. The heat-shrinkable tub- 
ing separating these two brass tubes also cannot be seen 
because it is trimmed flush with the end of the middle con- 
ductor (B). 


Ball Bearing (Fig. 1; D) 
One small, flanged ball bearing of good quality is used for 


each swivel. The ones used here were salvaged from the 
frame of an abandoned tape recorder. They had inner and 
outer diameters of 3/16 and 5/16 inch (4.8 and 7.9 mm) and 
they were '/s inch (3.2 mm) in axial length. Alternately, the 
flanged ball bearings with part numbers E2-2 or E2-5 from 
PIC (Ridgefield, CT and Van Nuys, CA) may be used. 

The bearing anchors the rotor at one end. Stability at the 
rotor’s upper end is provided by a 22 ga injection needle that 
has been pulled from its black plastic hub and shortened to 
about 3/s inch (9.5 mm) in total (E). A gentle downward force 
may be supplied by a small spring (F: HO Gauge Carriage 
Spring) purchased from a local hobby supply house. 


Perforated Board (Fig. 1; G) 


Two, one-inch (25 mm) square pieces of ‘‘P-pattern’’ 
phenolic or epoxy-paper punched board (e.g., Radio-Shack 
276-1394) are seen edge-on in Fig. 1 (G). They form the top 
and bottom substrates for the commutator. 


Support Posts and Contact Sleeves (Fig. 1; H,1) 


Three 3/32 inch (2.4 mm) dia. posts, tapped to receive 
#1-72 machine screws to a depth of about */16 inch (4.8 mm) 
at each end, serve as the main supports for the device. Two 
are shown in Fig. 1; the third is directly behind the rotor 
assembly and has not been drawn in. The support posts are 
approximately 1 inch (25 mm) long and they receive machine 
screws # 1-72 ('/s or 3/16 inch; 3.2 or 4.8 mm) at each end (K). 
The three contact sleeves (I) are cut from the next size up ('/s 
inch; 3.2 mm) of telescoping tubing and they are cut to a 
length (7/s to '5/16 inch; 22 to 24 mm) just short of the fixed 
support posts to assure free movement. Soldered to each 
of these sleeves at an appropriate height is a contact flag 
(J) that reaches out to contact the central rotor. The flags 
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FIG. 1. Diagram of the components of the swivel. The view approx- 
imately matches that of Fig. 3 but, for clarity, the support post 
behind the rotor has been left out, as have the wire leads and the 
elastic bands. A-C: Outer to inner gold plated brass tubes. D: Ball 
bearing. E: 22 ga needle. The bulbous portion represents the white 
compound that fixes the stylet to the plastic hub; most of it is 
scraped off but a small portion is left to act as a standoff. F: Spring. 
G: Edges of upper and lower perforated boards. H: Support post. I: 
Contact post. J: Contact flag. 
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may be flat, gold-plated contacts that measure about 1 x '/s 
inch (253.2 mm). Excellent sources for such contacts are 
old electronic connectors; the ones used here came from 
Amphenol 26 Series Blue Ribbon Connectors. 


CONSTRUCTION 
Central Rotor 


Figure 2 details the three lengths of brass tubing that, 
together with the ball bearing, form the core of the slip-ring 
swivel. The two larger diameter tubes, A and B, are cut at an 
angle nominally specified as 45 degrees and all three tubes 
are drilled at their tips with a '/32 inch (0.8 mm) bit to 
facilitate soldering of the rotor leads. The contact areas may 
be gold plated by a local jeweler or by an in-house shop. The 
cost to plate 18 pieces, enough for six commutators, was 
thirty dollars ($22 U.S.). 

Heat shrinkable tubing is used to insulate and to space the 
three tubes. You may have to experiment with different di- 
ameters of shrinkable tubing to find one that achieves a wall 
thickness of approximately '/32 inch (0.8 mm) after the 
shrinking is complete. Try '/s inch (3.2 mm) tubing for the 
space between Tubes B and C and begin with '/s inch (6.4 
mm) tubing for the space between Tubes A and B. Perfect 
concentricity is not necessary. 

The rotor wires should be soldered to Tubes B and C 
now. Stranded wire of about 26 ga is recommended; the 
soldering should be done carefully so as not to build up ex- 
cessive solder on the inside of tube B. Tube C, the inner- 
most, should have its wire lead soldered to its inside; here 
care must be taken to avoid solder buildup on its outside. 
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FIG. 2. Details and dimensions of the brass components used for the 
rotor. A, B, and C: Outer, middle, and inner tubes. These corre- 
spond to A, B, and C, respectively, of Fig. 1. 
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FIG. 3. Photograph of an assembled swivel. The leads coming from 
the sides and back are stationary while those running down finish in 
connectors that mate with leads to the animal. The top or bottom 
plates may be drilled to receive mounting hardware. 





MULTICHANNEL SWIVEL 


Leading with the wire, pull the inner tube (C) with its shrink- 
able tubing into Tube B until the soldered ends are roughly 
flush with each other. Then, lead this assembly of Tubes B 
and C into Tube A, entering the bottom end of Tube A with 
the unsoldered ends first. Orient the beveled ends of Tubes 
A and B opposite each other (see bottom of Fig. 1; the 
beveled ends of tubes A and B clear each other) and solder 
the rotor wire to Tube A. Fit this assembly into the ball 
bearing from the bearing’s unflanged end until it is stopped 
by the solder joint of Tube A. Epoxy may be applied to fix 
the rotor core to the inner race of the bearing. Trim the 
shrinkable tubings flush with their respective outer brass 
tubes and, if necessary, apply a little epoxy to bridge the 
rims of Tubes A and B with Tubes B and C, respectively. 


Assembly 


Seat the central rotor and attach the three support posts 
to the bottom piece of perforated board (G). Slip the contact 
sleeves (I) over the support posts. Insert the injection needle 
(E), if needed add the spring (F), and fasten the top perfo- 
rated board (G) to the support posts. Electrical contact be- 
tween the contact flags and the rotor is maintained by 
stretching small elastic bands from the contact flags where 
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they join the support posts to #0 screws threaded into the 
top and bottom perforated boards (Fig. 3). 

The completed device weighs less than 12 g and if the 
tension on the elastic bands is adjusted carefully then the 
swivel rotates with very little applied torque. It may be 
mounted with small machine screws (4-32 or 2-56) through 
either the top or bottom perforated plate. The light weight of 
the swivel makes the unit ideal for mounting at the end of a 
counterbalanced boom, giving it vertical travel over a 20 to 
30 cm arc. Rats may rear freely yet not reach their leads; 
this, in turn, eliminates the need to protect stimulation leads 
against gnawing with metal braid or spring-wire windings and 
thereby allows the wire leads to be light in weight as well. 
Four swivels have been used regularly in self-stimulation 
experiments for approximately one year at this writing and 
they are still operating smoothly. Some wear of the gold 
plating is beginning to appear at the points of contact; it will 
probably become necessary to replate the contact areas an- 
nually. 
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WEST, C. A., K. H. REID AND A. SCHURR. A simple rapid swim test to determine spatial preference in the rat. 
PHYSIOL BEHAV 36(2) 393-395, 1986.—A swim test is described for the evaluation of spatial preference in untreated 
male rats. The test is rapid, objective and simple to perform and was able to distinguish right-left preferences in 47 rats. It is 


encouraged that the swim test be compared to or used in conjunction with other spatial preference tests. 


Swimming behavior Sprague-Dawley rats 


Spatial preference test 





NUMEROUS tests have been devised for evaluating spatial 
preference in the rat. These include rotor tests [9], open field 
tests [7], maze tests [11], neonatal tail posture [6], bar press- 
ing [2] and paw preference tests [3]. There are disadvantages 
associated with each of these tests. Some tests generally 
require subjective evaluation or recording of rat movement, 
although a few automated tests have been introduced [4,19]. 
Others provide little incentive for the rat to move, particu- 
larly upon repetition. Many spatial preference tests work 
well for evaluating turning behavior in rats whose activity 
level has been enhanced by drugs or brain lesions but tend to 
be less useful for testing normal or control rats. A major 
limitation of most of these tests is the cumbersome nature of 
the test itself. They may require (1) a specialized apparatus, 
(2) the need to harness or restrain the animal, (3) preliminary 
training of the animal or (4) a lengthy test. Our laboratory has 
developed a swim test for determining spatial preference in 
which simplicity is its most significant advantage. The test is 
rapid (5 minutes), easy to perform, requires minimal equip- 
ment and reliably induces activity in normal Sprague-Dawley 
rats. A semi-automated test using a microcomputer was used 
for this study but a manual test employing a strip chart re- 
corder is also described. 

Forty-seven male Sprague-Dawley rats were obtained 
from Laboratory Supplies, Indianapolis, IN. At the time of 
testing 39 were 8-11 weeks old (160-280 g) and 8 were 12-18 
weeks old (300-420 g). 

The swim test apparatus is shown in Fig. 1. The tank, a 
plastic pail, was filled 3/4 full with water at 25°C. Two strips 
of tape across the top divided it into quadrants. At the be- 
ginning of the 5 minute test the rat is placed in quadrant 1 and 
the subsequent swimming movements (from quadrant to 
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quadrant) were noted and entered into a microcomputer 
(Cromemco Z-2D) via a small hand-held keyboard. Results 
were scored and printed at the end of the test. For the man- 
ual method a similar keyboard (Fig. 2A) can be used to send 
signals to a chart recorder for manual scoring later (Fig. 2B). 
After each test the rat was removed from the pail, dried and 
returned to its cage. For each rat the test was performed on 
three separate days within a week’s period. 

The scoring formula was adapted from Sherman et al. [8]. 


Preference=(left turns —right turns)/total turns 
Total activity =(total turns x4)+non-turn activity 


An activity is defined as one quadrant, and a turn is defined 
as a 360° rotation (4 successive quadrants). Sequences 1234, 
2341, 3412, 4123 are recorded as right turns. Sequences 4321, 
3214, 2143, 1432 are recorded as left turns. Quadrants not 
forming part of a turn sequence are recorded as non-turn 
activity. Scoring proceeds in sequence from the beginning of 
the test to the end; no entry is counted twice. To illustrate 
the scoring procedure, the quadrant sequence 


R R R s 2°. 8B 
123412323234 12341232143434 1234 1232341212143212 
Be L 
would give 2 left turns, 6 right turns, and 14 non-turn quad- 
rants. 
This typical five minute run would be summarized as: 


left turns 2 
right turns 6 


turn activity 8x4 

non-turn activity 14 
total activity 46 

Preference score = (2-6)/8 = —0.50 




















FIG. 1. This represents the swim test apparatus. A plastic pail (di- 
mensions shown in cm) is filled 3/4 full with water and the top is 
divided into quadrants [1-4] with tape. Each quadrant is represented 
on a small keyboard which is used with a chart recorder or com- 
puter. 


This rat would be characterized as showing a right prefer- 
ence. A preference score of less than the absolute value of 
0.10 was arbitrarily designated as non-preferent. The side 
preference of a rat was determined from its consistency over 
at least 2 out of 3 trials (90% of the rats exhibited consistency 
over 2 out of 3 trials; 62% were consistent over all 3 trials). 
The preference results from 47 rats were 27 right (60%), 
14 left (30%) and 5 non-preferent (10%). The test was able to 
significantly (p><0.01 distinguish preferent (90%) from non- 
preferent rats (10%). These results suggest a significant pre- 
dominance of right-preferent rats in this group (p<0.05). 
The degree of activity for each test decreased as the test 
progressed. A few rats floated passively during short por- 
tions of the tests. There was also a decline in activity with 
repeated testing which was more noticeable from test 1 to 
test 2 than from test 2 to test 3. 
At least 50% of the total activity over the 3 tests was spent 
making turns: test 1—61%, test 2—54% and test 3—58%. 
The results demonstrate that the swim test could be a 
useful alternative to other spatial preference tests. The swim 
test is rapid, simple and can be performed by untrained per- 
sonnel. Scoring .of results is objective and quantifiable. 
Complete turns can be distinguished from incomplete ones. 
The test requires no harnessing or training but instead 
exploits the natural swimming ability of rats [5]. Swimming 
was found to be an efficient method of inducing activity and 
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FIG. 2. A. This is a typical simplified schematic of a keyboard to be 
used in conjunction with a strip-chart recorder. This arrangement 
will give four different output voltages to a recorder having a full 
scale deflection of one volt. B. This is a representation of a trace 
obtained from a keyboard and chart recorder similar to that de- 
scribed in A. Each quadrant of the swim tank is represented by a 
switch on the keyboard which translates to corresponding ‘‘steps”’ 
on the chart recording. 


at least 50% of the rats’ movements were spent in making 
complete turns. The rats showed no ill effects from repeated 
swimmings, provided that they were adequately dried after a 
swim. 

For each test there was an overall decline in activity over 
time which could have largely been due to fatigue. Toward 
the conclusion of the test period a few rats floated instead of 
swimming but this was uncommon and could be minimized if 
desired by shortening the test period to 2-3 minutes. There 
was a decline in activity upon repeated testing which is com- 
parable to that seen in open field tests [7]. This decline 
seemed to be a function of the rats learning to swim more 
efficiently or with less energy expenditure (such as periods 
of floating). The behavior of the rats during the tests was 
typically characterized by defecation and rigorous swimming 
during the first minute or so accompanied by frantic clawing 
at the side of the plastic pail; this initial ‘‘fear’’ response 
subsided rapidly. All the rats tested had no difficulty in 
swimming or keeping afloat. A few rats exhibited the unusual 
behavior of diving to the bottom of the pail and completing a 
few rotations underwater before resurfacing; any rat who 
displayed this behavior usually repeated it with subsequent 
tests. No difference in swimming scores between the two 
groups of rats (8-11 weeks old and 12-18 weeks old) was 
found. 

The correlation of the swim test to other tests of right-left 
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preference has to be established. It closely resembles the 
rotor test [9]. A high percentage of the animals (90%) in this 
study demonstrated a preference which is consistent with 
data from other preference studies performed on normal or 
control rats [2, 6, 11]. Since the swim test is rapid, and sim- 
ple it could be used for preliminary screening of spatial pref- 
erence prior to further testing in other systems. 

In conclusion, the swim test is recommended for the 
evaluation of turning preference. The test is rapid, very 
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simple to set up and perform and is objective. The compari- 
son of this test with other methods of determining right-left 
preference in the rat is encouraged. 
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BEACH, M. A., G. E. BAKER AND M. G. ROBERTS. An accurate demand feeder for fish, suitable for microcomputer 
control. PHYSIOL BEHAV 36(2) 397-399, 1986.—This paper describes an easily constructed and inexpensive demand 
feeder. The feeder is driven by an AC synchronous motor and gearbox and is suitable for microcomputer control. It will 
operate with inexpensive commercially available pelleted fish food, and will consistently deliver a single pellet for each 
operation of the motor. The components and materials can be purchased for approximately £23. 


Fish Demand feeder Microcomputer control 





MANY of the studies on fish feeding and food-reinforced 
conditioning involve the use of feeders driven by solenoid 
action [3, 6, 7]. It is difficult to attain any great accuracy of 
single pellet operation with such feeders. In addition, the 
switching of the large currents associated with a solenoid can 
lead to interference with the control and data logging cir- 
cuitry particularly if this is microprocessor based. Certain 
commercially available feeders used in mammalian studies 
are more accurate but require highly uniform (and hence 
expensive) food pellets. We describe here a feeder based on 
the use of a synchronous motor and reduction gearbox. It is 
highly accurate in its food delivery, inexpensive to con- 
struct, suitable for microcomputer control, and will operate 
on cheap, readily available pelleted fish foods. 


CONSTRUCTION 


The feeder is comprised of two main sections, a rotating 
food hopper and a synchronous motor and gearbox arrange- 
ment which drives the hopper. The food hopper is con- 
structed from a disc of 4 mm thick methacrylate sheet and a 
section of 110 mm diameter PVC pipe 50 mm in length. The 
pellet bins are formed from sixteen 6 mm diameter holes 
drilled around the periphery of the disc. 

The drive for the hopper consists of a 330 rpm synchron- 
ous motor (250 V, 50 Hz) and a 2 rpm reduction gearbox (RS 
Components Ltd, Corby, UK, part numbers 332-802 and 
336-422). The output shaft of the gearbox fits the spindle of 
the hopper by way of a tongue-and-slot coupling, which 
allows rapid removal of the food hopper for cleaning or food 
weighing. The motor and gearbox are housed in a methacry- 
late box, the top of which is extended to one side and bears 
the pellet delivery hole. 

When assembled, the base of the hopper fits flush with 
the top of the motor housing. As the hopper is rotated, the 


pellet bins in its base pass sequentially over the pellet deliv- 
ery hole. The hopper is retained in its flush-mounted position 
by a sprung bearing which is mounted inside the top of the 
motor housing and through which the hopper spindle passes. 
Figure 1 shows a side elevation of the complete feeder. The 
feeder is mounted in such a way that the base of the food 
hopper makes an angle of approximately 60° to the horizon- 
tal. If food is added to the hopper and the motor activated the 
hopper rotates and each pellet bin takes up one pellet. These 
pellets are then moved around to the pellet delivery hole with 
each successive operation of the motor. The angled mount- 
ing of the feeder ensures that the store of pellets in the feeder 
continually falls to the bottom of the hopper leaving only one 
pellet per pellet bin (this self-clearing action may be 
facilitated by bevelling the edges of the pellet bins). On sub- 
sequent rotations one pellet is delivered for each pellet bin 
which passes over the pellet delivery hole. In our experi- 
ments the operation of the feeder is initiated by a fish casting 
a shadow onto an illuminated light-activated switch. This 
event is detected by a BBC model B microcomputer (Acorn 
Computers Limited, Cambridge, UK) fitted with an Inter- 
beeb interface (DCP Microdevelopments, Norwich, UK). 
The computer is also responsible for maintaining the correct 
phase relationship between pellet bins and pellet delivery 
hole. This is achieved by accurately timing the period that 
the motor is on for each operation of the feeder, thus ensur- 
ing that only one pellet bin passes over the pellet delivery 
hole for each feeder operation. Figure 2 shows the feeder in 
its normal operational position. 


EVALUATION AND DISCUSSION 


The use of a motor to drive the feeder has several advan- 
tages over solenoid-driven feeders. Firstly, experience of 
solenoid-driven feeders has shown them to be inaccurate 
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FIG. 1. The feeder in side elevation. 


TABLE 1 


NUMBER OF PELLETS DELIVERED FOR 10 TRIALS OF 100 
OPERATIONS OF EACH FEEDER 
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with respect to the ratio of the number of pellets delivered to 
the number of operations [3]. This ratio is obviously of im- 
portance in those operant studies where constant reinforce- 
ment is required. The type of feeder we describe here allows 
the consistent delivery of a single pellet for each operation of 
the feeder. The food used in our feeders is Ewos carp and 
trout holding food (size 5) which is inexpensive and readily 
available. We have found the pellet weights to vary between 
34 mg and 42 mg. In spite of this variability the feeder is still 
able to maintain single pellet delivery for each operation. In 
addition, the absence of multi-pellet delivery means that the 
likelihood of uneaten food remaining in the fish tank is 
greatly reduced. We have had five feeders of this type in 
routine use for a period of two years. Table 1 shows the 
performance of the feeders in a series of calibration trials. 
Due to the absence of comparable error figures for other 
types of feeder, a direct comparison of the performance of 
the feeder described here with that of others is difficult. 
However, it has been stated with respect to feeders of the 
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FIG. 2. The feeder in its normal operational position. 


solenoid-driven type [1], that in order to consistently achieve 
a delivery of at least one pellet per operation, it has proved 
necessary to set an average delivery of 3 to 4 pellets per 
operation [2]. The motor-driven feeder described here has 
consistently demonstrated a substantially better perform- 
ance. 

Secondly, the period of operation of motor-driven feeders 
may be varied and will depend on gearbox speed and pellet 
bin spacing. The period of operation of our feeders is 1.88 
seconds, this time being set by the microcomputer which 
controls the feeder. This compares favourably with those 
periods obtained from solenoid-driven feeders, which rely 
upon the charging time of the electrolytic capacitor used to 
power the solenoid [1]. 

Thirdly, our feeders are much quieter than solenoid- 
driven feeders, the sound levels generated being lower than 
ambient laboratory noise. 

Fourthly, the switching of the large currents associated 
with solenoid-driven feeders is avoided (the motor utilised 
here uses only 7 mA). 

Using Ewos carp and trout holding food the hopper of the 
feeder described here holds approximately 34 g of pellets. 
The feeder fails to deliver if this level is allowed to fall to 
approximately 17 g. In our experiments (using carp of be- 
tween 100 g and 150 g) this allows a minimum of three days 
before the food hopper needs topping up. This is a consider- 
able advantage over the motor-driven feeders used by other 
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authors [4,5] which have a limited food magazine able to hold course be varied in order to increase the size of the store of 

a maximum of 144 pellets. Under our experimental condi- pellets held. In addition, changes in the software controlling 

tions this type of feeder would need reloading every day. the feeder would enable, for example, a partial reinforce- 
The dimensions of the hopper used in our design may of ment schedule to be adopted. 
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ALBERT, D. J., M. L. WALSH, B. B. GORZALKA, Y. SIEMENS AND H. LOUIE. Testosterone removal in rats 
results in a decrease in social aggression and a loss of social dominance. PHYSIOL BEHAV 36(3) 401-407, 1986.—Alpha 
male rats from mixed sex colony groups were tested for aggressiveness toward nonaggressive male intruders. Afterward, 
they were castrated and implanted with testosterone filled Silastic tubes, castrated and implanted with empty tubes, or 
sham castrated and implanted with empty tubes. There were significant declines in the aggressiveness (lateral attacks, 
bites, and piloerection but not on-top) of castrated rats without testosterone replacement but not in castrated rats with 
testosterone replacement. At a second operation, castrated animals had their testosterone capsules removed or had their 
empty capsules replaced with testosterone filled capsules. When tested for aggression toward nonaggressive intruders, 
those alpha males which had testosterone removed declined in aggressiveness while those which had it implanted returned 
to a level of aggressiveness close to that emitted by sham castrated control animals. Subordinate males became dominant 
when alpha males were castrated and not given testosterone replacement. In a final series of observations, sham castrated 
males were found to be more aggressive than castrated males when pitted against one another. It is argued that testosterone 


plays a primary role in intermale social aggression and that the decline in aggressiveness following castration is typically 


accompanied by a loss of social dominance. 


Aggression Dominance Intraspecific aggression 


Social aggression 


Territoriality Testosterone 





IN the rat, the dependence of intermale social aggression on 
androgens has largely been inferred from experiments exam- 
ining the aggressiveness of individually housed rats toward 
nonaggressive intruders. Barfield and coworkers [4, 10, 11] 
found that aggressive behaviors decreased following castra- 
tion. However, they report that castrated animals remained 
dominant in encounters with intruders, particularly when the 
encounter occurred in the living cage of the castrated animal. 
Barr, Gibbons and Moyer [5] using similar procedures re- 
ported that castration did not decrease aggression although 
testosterone propionate did increase it. More recently, Ber- 
mond [6] has argued that testosterone injections into cas- 
trated adult rats increase aggression toward an intact male in 
a paired encounter. 

A weakness in these studies is that the level of aggression 
observed is low. In the experiment of Barfield, Bush and 
Wallen [4] the mean frequency of attack in a 30 min test 
session was only 2. In Bermond’s study [6] there was a 
significant increase in only one (biting) of nine categories of 
aggression measured. 

More recent experiments have examined intermale social 
aggression that arises in the ethologically more meaningful 
context of mixed sex housing [2, 3, 8, 13, 16, 17, 18, 20]. The 
level of aggression toward a nonaggressive intruder found 
under this condition is much higher than for rats housed 
individually. For example, there may be 10 to 20 attacks 
within a 15 min test session [13,20]. Using this type of hous- 





ing arrangement, Koolhaas, Schuurman and Wiepkema [16] 
have recently reported that lateral threat toward a nonag- 
gressive intruder drops by about 50% following castration 
but can be restored by injections of testosterone propionate. 
They also report that castrated animals remained dominant 
over intruders introduced into their own living area. More 
recently, DeBold and Miczek [13] using a larger number of 
behavioral measures of intraspecific aggression report that 
following castration aggression toward nonaggressive in- 
truders declines to very low levels. 

Although these two experiments using mixed sex group 
housing conditions have generally confirmed the findings ob- 
tained with individually housed animals, there clearly is still 
some confusion. DeBold and Miczek [13] report large declines 
in home colony aggressiveness by alpha males following cas- 
tration while Koolhaas and coworkers do not [16]. Further, 
the inference that castrated alpha males retain home colony 
dominance over nonaggressive intruders may very likely 
hold true only for alpha males that do not show a near com- 
plete loss of aggression toward an intruder. However, the 
relevance of the concept of dominance may also be ques- 
tioned since the contest of aggressiveness was between a 
resident male that had developed social aggressiveness and a 
naive rat that, in fact, was not socially aggressive. It would 
be more reasonable to say only that following castration 
alpha males sometimes continue to be more aggressive than 
socially nonaggressive intruders. 


1Supported by a grant from the Natural Sciences and Engineering Research Council of Canada. 
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FIG. 1. Design of the yoked treatment and testing sequence. 


The present experiment was intended to reexamine and 
extend previous observations on the male social aggressive 
behavior that emerges as a result of living in a mixed sex 
group. Using a yoked control procedure, observations were 
made on the aggressive behavior toward nonaggressive in- 
truders by alpha male rats and by subordinate males. Alpha 
males were castrated, castrated and implanted with Silastic 
tubes filled with testosterone, or sham castrated. After the 
aggressive behavior of these animals had stabilized, the cas- 
trated animals with testosterone implants had them removed 
while their yoked castrated counterparts without testos- 
terone had testosterone filled capsules implanted. Aggres- 
sive behavior toward intruders was again monitored until it 
restabilized. Finally, castrated and sham castrated alpha 
males were pitted against one another in order to observe 
their relative aggressiveness as intruders and as residents. 


METHOD 


The subjects were male and female hooded rats weighing 
300-350 g which had been obtained from Charles River 
Canada. They were maintained on a 12/12 hr light/dark cycle. 
All testing was done during the last 4 hr of the light cycle. 

The rats were initially housed in groups of 3 males and 2 
females (colony 1006020 cm high) or 2 males and 1 female 
(colony 50x60x20 cm high). The results obtained with the 
two colonies did not differ. The larger colony had Plexiglas 
at both ends while the smaller cages had Plexiglas at only one 
end. Intruders were introduced into these family groups once 
a week for a 15 min period. The response of the colony 
animals to the intruder was qualitatively monitored. When 
colonies failed to develop aggression toward an intruder, one 
or more resident males were replaced. Where two males 
interfered with one another’s aggressiveness, one male was 
removed to allow full expression of the aggressiveness of the 
other. 

Rats were used as intruders over a six to eight week 
period and then replaced. A single intruder was never intro- 
duced into the same colony more than once every four 
weeks. Since the intruders were used repeatedly, they were 
injected with Diazepam (1.0 mg/animal) 15 min before being 
introduced into a colony in order to decrease active defen- 
siveness. The intruders were similar in size or smaller than 
the residents of the colonies. 


Preliminary Behavioral Testing 


When the introduction of an intruder into a colony group 
regularly elicited substantial aggression, quantitative records 


of the aggression emitted by the dominant male and by the 
subordinate males were made at the weekly 15 min test ses- 
sions. Two observers were present for each test. The behav- 
iors recorded were: number of lateral attacks, duration of 
lateral attacks, number of bites, duration of on-top, and 
presence of piloerection. Lateral attacks were scored when 
the animal rose up on its toes and raised a hind leg to push 
against the target animal [2, 3, 9, 20]. ‘“‘On-top’’ was scored 
when one animal was erect over another which was lying on 
its back [2, 3, 9, 20]. 


Composite Aggression Score 


To facilitate comparison of aggression scores across 
animals and test sessions, a composite score was developed 
on the basis of the baseline aggression scores (see Fig. 2, 
Baseline). The composite score was formulated in a manner 
that gave roughly equal weight to each measure of active 
aggressive behavior and a slightly lower weight to piloerec- 
tion. The formula was: composite aggression = number of 
lateral attacks + 0.2 x (total lateral attack time (sec)) + 
number of bites + 0.2 x (on-top duration (sec)) + piloerec- 
tion. Piloerection was given a value of 4 if it was complete 
and endured for the entire test session; 2 if it was less than 
complete or did not last the entire test session and 0 if it did 
not occur. The use of this composite aggression score pro- 
vided a simple means of comparing the level of aggression 
emitted by an animal from one test to another. 

Preliminary testing continued until the quantitative 
assessment of aggression indicated that aggression toward an 
intruder was substantial (a composite score greater than 30) 
and consistent (+20%) for at least two weeks in succession. 
At this point, the colonies were formed into yoked groups of 
three in terms of the level and stability of aggression dis- 
played by their respective alpha male toward an intruder. 
The alpha male from each colony in a triplet was then sub- 
jected to surgery. All triplets had one alpha male in each of 
the treatment groups. Subsequent testing and treatment of 
the alpha males in a triplet were temporally synchronized to the 
extent that each colony in the triplet was tested on the same 
days and subjected to surgery on the same days (Fig. 1). 


Castration and Implantation of Silastic Tubes 


On the day of surgery, the males of each colony were 
removed from the colony living cage and housed individu- 
ally. The alpha male was then subjected to one of the follow- 
ing procedures: castration and implantation of testosterone 
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FIG. 2. Mean bites, lateral attacks, lateral attack duration, piloerection, on-top, and composite aggression scores for the final two tests in each 
condition for alpha male rats which were castrated, castrated and implanted with testosterone, or sham castrated. Solid triangles indicate the 
scores obtained by the Castrate + T group when the subordinate males which were interfering with the aggression of the alpha male were 
removed from two living groups (see text). Asterisks indicate scores which are significantly different from the sham lesioned group (p<0.05). 
SEM’s averaged 20 to 25% of the mean scores except for on-top which averaged 50-60% of the mean scores. 


filled Silastic tubes (N=8); castration and implantation of 
empty Silastic tubes (N=8), or sham castration and implan- 
tation of empty tubes (N=8). Surgery was done while the 
animal was anesthetized with sodium pentobarbital 
anesthesia. The Silastic tubes were implanted subcutane- 
ously at the level of the scapula on each side of the body. 
Following surgery, the alpha male rat was returned to its 
individual cage. Twenty-four hours after their initial re- 
moval, the alpha and other males were returned to the col- 
ony group living cage. 

The Silastic tubes (i.d. 1.57 mm; o.d. 3.18 mm) had a 30 
mm long pouch and were constructed according to the pro- 
cedure described by Davidson [12,19]. The 30 mm pouch 
length was chosen because when implanted bilaterally it ap- 
pears to produce a reasonably appropriate rate of testos- 
terone release [19]. The tubes were rinsed in 70% alcohol 
before being implanted. 


First Postoperative Test 


Behavioral testing began 5 to 6 days following surgery and 
was done blind. The behavior of the colony males toward an 
intruder was assessed exactly as had been done preopera- 
tively. Each colony was tested for 15 min at weekly inter- 
vals. 

When the behavior of each of the alpha males within a 
yoked triplet had reached asymptote and then remained 
stable for at least two weeks in succession, each alpha male 
in the triplet was subjected to a second operation in which 
their Silastic tubes were changed. Stability was defined as 
having composite aggression scores within ten to fifteen 
points of one another on successive weeks. 


Hormone Reversal 


At the second operation, castrated animals with empty 
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FIG. 3. Mean bites, lateral attacks, lateral attack duration, piloerection, on-top, and composite aggression scores for the final two tests in each 
condition for subordinate males. S-castrate: subordinate of castrated alpha male; S-castrate + T: subordinate of castrated alpha male 
implanted with testosterone; S-sham: subordinate of sham. Asterisks indicate scores significantly different from subordinate of sham cas- 





tubes had them replaced with testosterone filled tubes while 
those animals with testosterone filled tubes had them re- 
placed with empty tubes (Fig. 1). Sham animals had their 
empty tubes replaced with a new set of empty tubes. As 
before, all males in a colony were removed and placed in 
individual cages at the time of surgery and returned 24 hr 
later. 


Second Postoperative Test 


Five to six days following surgery, behavioral testing of 
each colony resumed and continued on a weekly basis. The 
three colonies in each yoked triplet continued to be followed 
as a group. When the behavior of each alpha male in the 
triplet had stablized for at least a 2 week period, the experi- 
mental testing was terminated. 


Paired Interaction Between Castrate and Sham Castrate 
Alpha Males 


Four to six weeks following the above observations, cas- 


trated alpha male (p<0.05). SEM’s averaged 20 to 25% of mean scores. 


trated (without testosterone replacement) and sham cas- 
trated alpha male rats had subordinate males removed from 
their colony. One week later, the female(s) was removed and 
then 15 min later a nonaggressive intruder was introduced for 
a 15 min test session. At the end of the test session, the 
female(s) was returned. 

One week later the castrated and sham castrated alpha 
males began tests in which each was paired individually 
against the other. Each alpha male was tested twice (one 
week apart), once as resident in its home colony and once as 
an intruder in another colony. A balanced design was used so 
that half of the members of each group were tested as resi- 
dents first. Females were again removed 15 min before each 
test and returned immediately afterward. 


Statistical Evaiuation of Results 


Observations on each dimension of aggressive behavior 
except piloerection were subjected to overall analyses of 
variance across the final two tests in each sequence. Individ- 
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FIG. 4. The complementary changes in aggression scores for alpha male rats and subordinates. Asterisks indicate significant differences 


between groups (p<0.05). 


ual paired comparisons with t-tests were done between each of 
the experimental groups and the sham operated group. p 
Values were adjusted according to the Bonferoni method. 
Overall comparisons between groups on piloerection were 
done with Chi Square Contingency Tests and individual 
paired comparisons with Fisher’s Exact Probability Test. 


RESULTS 


The overall analyses indicated significant differences be- 
tween groups of alpha males in terms of bites, lateral attacks, 
lateral attack duration (all F’s>2.2, all p’s<0.02) and 
piloerection (x?=70, p<0.001). Preoperatively, individual 
paired comparisons indicated no significant differences be- 
tween groups on any behavioral measure (all p’s>0.05; see 
Fig. 2). 


Hormonal State and Aggression Toward a Nonaggressive 
Intruder 


Castration of alpha male rats without providing testos- 
terone replacement (N=8) resulted in a striking decline in 
aggression toward nonaggressive intruders (Fig. 2). There 
were significant drops in lateral attacks, lateral attack dura- 
tion, bites (all t’s>2.6, all p’s<0.05), and piloerection 
(p <0.05) but not on-top (*<0.8, p>0.10) (see Fig. 2). In con- 
trast, the level of aggression displayed by castrated animals 
given testosterone replacement (N=8) remained ai the level 
of the sham castrated animals (N=8) (all p’s>0.20). 

The length of time required for castrated animals to reach 
the stable low level of postoperative aggression shown in 
Fig. 2 was variable. Four of 8 castrates dropped to their low 
level of aggression at the first postoperative test. Two others 
reached this level at the second test while the two remaining 
animals reached asymptote at the fifth and sixth tests. 

Hormone reversal. Removal of testosterone capsules 
from castrated alpha male rats resulted in a significant de- 
cline in their aggressiveness toward nonaggressive intruders 
(Fig. 2). The rate of decline was similar to that following 
castration without testosterone replacement. Three alpha 
males dropped to asymptotic low levels in the first test, two 
more by the second test, and one each at the third, fifth, and 
seventh tests. 

Conversely, in castrated animals receiving testosterone 
implants, aggressiveness toward nonaggressive intruders 
was reactivated (Fig. 2). In most cases, the aggressiveness 
reached its stable level by the second postoperative test. 


When the behavior of these animals stabilized, it was not 
significantly lower than that of sham castrated controls (Fig. 
2). The composite aggression score reached the precastra- 
tion level in 5 of 8 colonies. 

Although the aggressive behavior of the alpha males im- 
planted with testosterone rose to a point where it was no 
longer significantly different from that of the sham operated 
alpha males on most measures, examination of Fig. 2 reveals 
that there was a consistent tendency for the scores of cas- 
trates with testosterone implants to be lower. This difference 
was largely due to the behavior in two colonies in which the 
alpha males had each initially been slightly smaller than their 
subordinate male but in the course of the experiment the 
weight difference had become substantial (80 and 114 g). 
Introduction of an intruder into these colonies resulted in 
behavioral interaction between the two competing resident 
males which prevented either from obtaining a substantial 
aggression score against the intruder. Accordingly, the un- 
operated (larger) male was taken out of each colony. When 
testing was done one and two weeks later, the aggression 
toward the intruder displayed by each castrated alpha male 
with testosterone implants was comparable to its precastra- 
tion level. The mean for the castrated group with testos- 
terone implants which includes these scores is indicated by 
the solid triangles connected by dashed lines in Fig. 2. 

The decrease in aggressive behavior of alpha males fol- 
lowing castration or testosterone removal was not dependent 
on the presence of subordinate males in the living colony. 
Sixteen of twenty-four colonies had more than one male. In 
the nine colonies where an alpha male was housed only with 
a female, the hormonally induced changes in aggression were 
similar to those of colonies with subordinate males. 


Aggressive Behavior of Subordinate Males 


The level of aggression displayed by subordinate males 
toward intruders fluctuated with the hormonal state of the 
alpha male (Fig. 3). In the preoperative period, the aggres- 
sive behavior of the subordinates was stable and uniformly 
low. Nevertheless, about 30% developed some piloerection 
and were very attentive to the intruder. In the event that they 
attacked the intruder or interfered with the attack of the 
alpha male, most alpha males would break off the attack on 
the intruder to attack the subordinate male. 

Subordinate males showed a significant increase in ag- 
gression toward an intruder when the alpha male was cas- 
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trated and there was no testosterone replacement (N=6; Fig. 
3). Bites, lateral attacks, lateral attack duration, and 
piloerection each became quantitatively greater than that of 
the subordinates of sham castrated alpha males (Fig. 3; all 
F’s>2.4, all p’s<0.02; x?=37, p<0.01). As with the alpha 
males, on-top was a behavioral measure of aggression that 
did not change consistently (F=1.3, p>0.20). In only one of 
six colones did the decline in aggression by the alpha male 
fail to result in a corresponding increase in aggression by a 
subordinate male. 

When castration of the alpha male was accompanied by 
testosterone replacement there was no increase in aggression 
toward the intruder by the subordinate male (N=4; Fig. 3). 
The aggressive behavior of the subordinate remained at the 
level of subordinates housed with sham castrated alpha 
males (N=6). 

Following the second operation on the alpha males, there 
was a significant increase in aggressiveness toward an in- 
truder by subordinates housed with an alpha male whose 
testosterone capsules were removed (Fig. 3). Conversely, 
subordinates decreased in aggression when housed with cas- 
trated alpha males that were implanted with testosterone 
capsules. 

The complementary changes in the composite aggression 
scores of alpha and subordinate males are plotted in Fig. 4. 


Paired Encounters Between Castrated and Sham Castrated 
Alpha Males 


In the preliminary tests pitting castrated and sham cas- 
trated alpha males singly against nonaggressive intruders in 
the home colony of the alpha male, the composite aggression 
scores of the sham castrated males (57.2) were significantly 
higher than those of the nonaggressive intruders (0.0; t=6.9, 
p<0.001). While the composite aggression scores of the cas- 
trated males (8.5) were also significantly higher than those of 
the nonaggressive intruders (0.7; :=3.5, p<0.01), they were 
significantly lower than those of the sham castrated animals 
(t=5.7, p<0.001). 

When castrated and sham castrated alpha males were pit- 
ted against one another, the mean composite aggression 
score of the sham castrated animals as residents was 32.2 in 
comparison to 0.0 for the castrated animals as intruders 
(t=6.9, p<0.001). When the castrated animals were the res- 
idents, the corresponding composite aggression scores 
were 12.5 for the castrated resident alpha males and 9.0 for 
the sham castrated intruders (¢=0.2, p>0.20). 

In terms of individual animals, the composite aggression 
scores of the sham castrated animals were higher than those 
of their opponents in every encounter when they were resi- 
dents and in 3 of 6 instances when they were intruders. When 
castrated animals were residents, only one of six alpha males 
was substantially more aggressive than an intact intruder. 


DISCUSSION 


Social aggression in the male rats of the present experi- 
ment appeared to depend directly on the presence of testicu- 
lar testosterone. Castration typically resulted in a powerful 
and usually rapid decline in the aggression of a resident alpha 
male toward a nonaggressive intruder. The decline was 
manifested in significant decreases in piloerection, lateral 
attacks, and biting, but not on-top. A similar decline in ag- 
gressiveness occurred in response to removal of testosterone 
containing Silastic capsules from castrated alpha males. 
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These effects occurred both in colonies with and without 
subordinate males. 

The large decrease in social aggression following castra- 
tion is congruent with results reported by DeBold and Mic- 
zek [13] and contrasts with the quantitatively smaller de- 
crease found by Koolhaas and coworkers [16]. The fact that 
our rats were of the same strain as those of DeBold and 
Miczek and different from those of Koolhaas suggests that 
there may be strain differences in the hormonal modulation 
of social aggression. The variability in the rate of decline in 
aggressiveness following castration would seem to offer 
some support to the inference of Koolhaas and coworkers 
[16] that aggressiveness toward an intruder may be main- 
tained to some degree by a mechanism other than gonadal 
testosterone. 

Implanting testosterone filled Silastic capsules main- 
tained aggression at precastration levels and reinstated ag- 
gression that had declined as a result of castration. Whether 
testosterone replacement reinstated aggression to its full 
precastration intensity cannot be inferred with certainty. 
When the aggression of alpha male rats was allowed to de- 
cline following castration, the asymptotic level of aggression 
attained when testosterone filled capsules were implanted 
never quite reached the level of the sham operated control 
group. For the most part, this appeared to be due to the 
increased aggressiveness of the subordinates that emerged 
during the time the alpha male was without an endogenous 
source of testosterone. However, it could also have been 
partly due to the less than complete effectiveness of the tes- 
tosterone replacement or to the experience of having been 
subordinate. The observation that aggression did resume fol- 
lowing testosterone replacement generally confirms the find- 
ings of Barfield and coworkers [4, 10, 11] using rats whose 
aggressiveness arose as a result of individual housing. 

Dominance was lost by most alpha male rats following 
castration without testosterone replacement. The most tell- 
ing indication of the loss of dominance was the rise in ag- 
gressiveness of subordinate males. It is recognized that the 
dominant male in a colony group is the animal that attacks 
intruders [1, 2, 3, 8, 9, 16, 17, 18, 20]. In the present experi- 
ment, the decline in aggressiveness by castrated alpha males 
was accompanied by an increase in aggressiveness of sub- 
ordinate males. When the behavior of the groups had 
stabilized, it was the formerly subordinate males that now 
attacked the intruder. In most cases, castrated alpha males 
without testosterone replacement took no part in aggressing 
against the intruder. While the increase in aggressive behav- 
ior of subordinate males was very useful in revealing the loss 
of dominance that took place with removal of testosterone 
from an alpha male, the decrease in aggressiveness by the 
alpha male was not a consequence of interactions with a 
subordinate. The decline in alpha male aggressiveness oc- 
curred following castration even when there was no subordi- 
nate. 

When individually tested against nonaggressive intruders, 
castrated animals without testosterone replacement dis- 
played only about 15% as much aggression as sham cas- 
trates, a level which corresponds well with that reported in 
similar observations by DeBold and Miczek [13]. While the 
intruders were even less aggressive, it would be unrealistic 
to use this brief interaction as a reflection of dominance [7, 
15, 17]. All that can be said is that within a short test period 
the castrated alpha males were slightly more aggressive than 
males that had not been exposed to experiences that foster 
social aggressive behavior. 





TESTOSTERONE AND AGGRESSION 


Castrated alpha males without testosterone capsules did 
not behave like socially dominant males when pitted against 
sham castrated alpha males. As residents the castrated 
animals emitted only a low level of social aggression toward 
a socially aggressive intruder and none when they were the 
intruder. In contrast, socially aggressive, dominant, sham- 
operated alpha males tested as residents were uniformly 
more aggressive than intruding castrated rats and when 
tested as intruders were more aggressive than resident cas- 
trated animals 50% of the time. The sham castrated alpha 
males displayed a slightly lower level of aggressiveness than 
we have observed previously when introducing alpha male 
rats into unfamiliar colonies with intact alpha males [3]. This 
could have been due to the fact that castrated males are 
known to elicit less aggression than intact males [13]. The 
greater aggressiveness of the sham castrated alpha males 
both as a resident and as an intruder further emphasizes that 
the castrated alpha male no longer behaves like a socially 
dominant rat. 

The dependence of social aggression on the presence of 
testosterone serves to strikingly distinguish it from two other 
forms of aggression: predation and defensiveness. Predation 
and defensiveness each occur in males and females, do not 
depend on testosterone, and can be induced by lesions in the 
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anterior forebrain (for a review, see [2]). The difference in 
the physiological basis of predation and defensiveness as 
opposed to social aggression is in concert with clear evi- 
dence that important elements of the morphology of these 
behaviors differ. Specifically, social aggression involves 
piloerection and lateral attack, two behaviors that occur 
neither in predatory killing nor in defensiveness (however, 
see also Depaulis and Vergnes [14)]). 

An equally important facet of the present results lies in 
the confirmation of previous observations that social ag- 
gression can occur outside of a rat’s normal living region [3]. 
This supports our suggestion that social aggression should 
not be narrowly conceived as territorial defense. In the rat, 
social aggressiveness is a characteristic, which while appar- 
ently dependent on the presence of testosterone, is fostered 
by the experience of living in a mixed-sex social group. The 
social aggressiveness appears to become a characteristic of 
the animal just as the tendency to kill mice becomes a char- 
acteristic of a rat even if this behavior was initially acquired 
as a result of food deprivation. It may well be that social 
aggression like many other behaviors is more likely to occur 
in a familiar area and that in this way it comes to have the 
appearance of a territorial defense. 


REFERENCES 


. Adams, N. and R. Boice. A longitudinal study of dominance in 
an outdoor colony of domestic rats. J Comp Physiol Psychol 97: 
24-33, 1983. 

. Albert, D. J. and M. L. Walsh. The inhibitory modulation of 
agonistic behavior in the rat brain: A review. Neurosci Biobehav 
Rev 6: 125-143, 1982. 

. Albert, D. J. and M. L. Walsh. Medial hypothalamic lesions in 
the rat enhance reactivity and mouse killing but not social ag- 
gression. Physiol Behav 28: 791-795, 1982. 

. Barfield, R. J., D. E. Busch and K. Wallen. Gonadal influence 
on agonistic behavior in the male domestic rat. Horm Behav 3: 
247-259, 1972. 

. Barr, G. A., J. L. Gibbons and K. E. Moyer. Male-female 
differences and the influence of neonatal and adult testosterone 
on intraspecies aggression in rats. J Comp Physiol Psychol 90: 
1169-1183, 1976. 

. Bermond, B. Effects of androgen treatment of full-grown pub- 
erally castrated rats upon male sexual behavior, intermale ag- 
gressive behavior and the sequential patterning of aggressive 
interactions. Behaviour 80: 143-173, 1982. 

. Bernstein, I. S. Dominance: The baby and the bathwater. Be- 
hav Brain Sci 4: 419-457, 1981. 

. Blanchard, D. C., R. J. Blanchard, L. K. Takahashi and T. 
Takahashi. Septal lesions and aggressive behavior. Behav Biol 
21: 157-161, 1977. 

. Blanchard, R. J. and D. C. Blanchard. Aggressive behavior in 
the rat. Behav Biol 21: 197-224, 1977. 

. Christie, M. H. and R. J. Barfield. Effects of aromatizable 
androgens on aggressive behavior among rats (Rattus nor- 
vegicus). J Endocrinol 83: 17-26, 1979. 


11. Christie, M. H. and R. J. Barfield. Effects of castration and 
home cage residency on aggressive behavior in rats. Horm 
Behav 13: 85-91, 1979. 

. Davidson, J. M., M. L. Stefanick, B. D. Sachs and E. R. Smith. 
Role of androgen in sexual reflexes of the male rat. Physiol 
Behav 21: 141-146, 1978. 

. DeBold, J. F. and K. A. Miczek. Aggression persists after 
ovariectomy in female rats. Horm Behav 18: 177-190, 1984. 

. Depaulis, A. and M. Vergnes. Relationship between mousekill- 
ing and conspecific aggression in the male rat. Aggress Behav 9: 
259-268, 1983. 

. Flannelly, K. J. and R. J. Blanchard. Dominance: Cause or 
description of social relationships? Behav Brain Sci 4: 438-439, 
1981. 

. Koolhaas, J. M., T. Schuurman and P. R. Wiepkema. The 
organization of intraspecific agonistic behaviour in the rat. Prog 
Neurobiol 15: 247-268, 1980. 

. Lore, R., M. Nikoletseas and L. Takahashi. Colony aggression 
in laboratory rats: A review and some recommendations. Ag- 
gress Behav 10: 59-71, 1984. 

. Miczek, K. A. A new test for aggression in rats without aversive 
stimulation: Differential effects of d-amphetamine and cocaine. 
Psychopharmacology (Berlin) 60: 253-259, 1979. 

. Smith, E. R., D. A. Damassa and J. M. Davidson. Hormone 
administration: Peripheral and intracranial implants. In: 
Methods in Psychotiology, edited by R. D. Myers. New York: 
Academic Press, 1977, pp. 259-279. 

. Takahashi, L. K. and R. J. Blanchard. Attack and defense in 
laboratory and wild Norway and black rats. Behav Processes 7: 
49-62, 1982. 








Physiology & Behavior, Vol. 36, pp. 409-412. Copyright © Pergamon Press Ltd., 1986. Printed in the U.S.A. 


003 1-9384/86 $3.00 + .00 


Disturbance of Motoric Function as 
Behavioral Measure of Impaired Cerebral 
Circulation in Mice 


KLARA CSETE,t G. L. KOVACS* AND L. SZEKERES?'! 
+Department of Pharmacology and *Department of Pathophysiology of the University Medical School of Szeged 


Received 3 January 1985 


CSETE, K., G. L. KOVACS AND L. SZEKERES. Disturbance of motoric function as behavioral measure of impaired 
cerebral circulation in mice. PHYSIOL BEHAV 36(3) 409-412, 1986.—Aim of the present experiments was to elaborate an 
experimental model exhibiting the functional consequences of a moderate impairment of cerebral circulation sensitive 
enough for testing the long-term cerebroprotective effect of different drugs. In preliminary experiments mice survived 
unilateral occlusion of the carotid artery. This intervention, however, severely impaired the motor skill of the animals as 
measured by their activity on the rotating treadmill. Motimeter activity was also diminished following unilateral carotid 
occlusion. Somewhat unexpectedly, a more complex pattern of learned behavior in a one-trial learning passive avoidance 
paradigm was only modestly affected by unilateral carotid occlusion. Papaverine (2.0 mg/kg) normalized the motor incoor- 
dination measured on the rotating treadmill. The data suggest that impaired motoric function, as a result of unilateral 
carotid occlusion, might be a useful experimental tool to analyse functional consequences of impaired cerebral circulation 
and a sensitive test for screening of drugs with presumed cerebroprotective action. 
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PREVENTION and treatment of the severe consequences of 
impaired cerebral blood flow is a rather slowly developing 
chapter of pharmacotherapy. This is so because animal 
models mimicking cerebrovascular diseases associated with 
cerebral ischaemia are missing or inadequate and owing to 
the great individual variations of ischaemic injury in man it is 
difficult to select a sufficient amount of patients for screening 
of prospective drugs protecting from cerebral ischemia. 
Therefore earlier we have elaborated two animal models 
with impaired cerebral blood flow in the anaesthetized [12] 
and the conscious dog [14] with implanted electrodes for 
repeated determination of cortical blood flow by means of 
the hydrogen polarographic method, before and at different 
intervals after experimental reduction of the cerebral blood 
by ligating both carotids and the right vertebral artery. A 
more simple method which seems to be suitable for mass 
screening was elaborated by us in mice. The method is based 
on estimation of the average survival time of 50% of the 
animals after subsequent occlusion of both carotid arteries 
carried out in an interval of 24 hours. This method proved to 
be useful in selecting cerebroprotective drugs in the acute 
experiments. Thus 2.0 mg/kg IP of the cerebral vasodilator 
papaverine increased survival time in 50% of mice with bilat- 
eral carotid ligation from 33 minutes in the untreated controls 
to 46 min in the treated animals. According to the underde- 
veloped collateral circulation of mice [4,9] this species has 
shown 100% mortality on bilateral carotid occlusion. How- 





ever this method did not prove to be sensitive enough for 
estimation of protective potencies in case of prolonged drug 
treatment. Therefore we have thought that a moderate im- 
pairment of the cerebral blood supply not causing death of 
the animal, only evoking some behavioral changes which 
may truly reflect altered cerebral function, should be a more 
suitable test for this purpose. Such impairment turned out to 
be the unilateral ligation of the carotid artery; an intervention 
which was survived by all animals tested in our preliminary 
experiments. Nevertheless marked changes appeared in the 
motor skill and activity as well as in the pattern of learned 
behavior. The present experiments were devoted to select 
the most sensitive and reproducible change in the behavior 
on unilateral carotid occlusion in order to use it for screening 
of cerebroprotective agents. Validity of the selected param- 
eters was tested with papaverine 2.0 mg/kg IP. 


METHOD 


Animals 


Female CPLP mice of an inbred strain, weighing 30-40 g, 
were maintained under standard laboratory conditions. Food 
and water were available ad lib. Mice were kept 10 per cage. 
Surgery 

Mice were anaesthetized with pentobarbital (Nembutal®, 


'Requests for reprints should be addressed to Prof. Dr. L. Szekeres, University Medical School of Szeged, Institute of Pharmacology, 


H-6701 Szeged/Hungary, Dom tér 12., P.O.B. 115. 





TABLE 1 


INFLUENCE OF UNILATERAL CAROTID OCCLUSION ON PASSIVE 
AVOIDANCE BEHAVIOR, SPONTANEOUS LOCOMOTOR ACTIVITY 
AND ON THE MOTOR SKILL IN ROTATING TREADMILL 





Sham 
Operation 


Carotid 
Occlusion 


Change in 
Percent 





Passive Avoidance Behavior 
Habituation trials 
1. trial 
2. trial 
3. trial 
Total (1-3) trials 
Passive avoidance 
latency (24 hr) 
Corrected passive 
avoidance latency 


33+ 47 
14+ 1 
18+ 3 
74+ 6t 
114 + 25 
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Spontaneous 214 + 21 
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Activity 


143 + 15¢ 


Latency on the 277 + 61 
Rotating 
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93 + 31t 





Values represent a mean + SEM in seconds. Significantly differ- 
ent from sham operated group at tp<0.05; ¢p<0.01. 


100 mg/kg IP) and the left carotid artery was occluded as 
described in detail by Szekeres et al. [14]. All animals sur- 
vived unilateral carotid occlusion. Sham operated mice 
underwent the same surgical operation except ‘that the 
carotid artery was left intact. Behavioral experiments were 
initiated 24 hr after the operation. 


PASSIVE AVOIDANCE BEHAVIOR 


One trial learning passive avoidance behavior was studied 
as described by Ader et al. [1]. Mice were placed on an 
intensely illuminated, elevated platform and the latency to 
enter a dark compartment was measured. Three consecutive 
trials were given on two subsequent days (=habituation 
trials). Immediately after the third trial, electrical footshock 
(0.50 mA for 3 sec) was administered through the grid floor 
of the dark compartment (=learning trial). Mice were re- 
moved from the apparatus immediately after the learning 
trial. Passive avoidance behavior was measured 24 hr after 
the learning trial, by measuring the latency to reenter the 
dark compartment. A cut-off time of 300 seconds was used. It 
is an important prerequisite of passive avoidance behavior 
that various groups of animals in which passive avoidance is 
measured, should not differ in their motor activity, because 
such a difference might be reflected in the passive avoidance 
latency (animals with lower motor activity spend a longer 
time on the platform and thus passive avoidance appears to 
be longer). Since this important criterion could not be kept in 
this study, ‘“‘corrected passive avoidance’’ latencies were 
also calculated and thus the passive avoidance latency in the 
operated animals was corrected for the difference in the pre- 
learning habituation trials (multiplied by 0.55). 
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FIG. 1. Effect of papaverine on the duration of stay on rotating 
treadmill following unilateral carotid occlusion in mice. 


SPONTANEOUS LOCOMOTOR ACTIVITY 


Spontaneous motor activity was measured with a 
microprocessor-controlled electrical motimeter, as de- 
scribed in detail by Kovacs et al. [7]. Activity was counted 
automatically. The activity of groups of 5 mice was meas- 
ured for 60 min. The data were expressed as counts/animal/ 
20+SEM. 


MOTOR COORDINATION ON ROTATING TREADMILL 


Mice were placed on a rotating treadmill, which turned 
around with a speed of 13 turns/min. The duration of the stay 
of the animals on the treadmill (latency) was observed not 
longer than for 600 seconds maximally. Data are expressed 
as latency in sec+SEM. 


Treatment 


Papaverine hydrochloride (Chinoin, Budapest, 2.0 mg/kg) 
was administered IP. Motor coordination was measured 30 
minutes after drug administration. 


Statistical Analysis 


Data were analysed with a two-tailed Student’s f-test. 


RESULTS 


Behavioral effects of unilateral carotid occlusion are 
summarized in Table 1. As regards passive avoidance behav- 
ior control (sham operated) mice entered the dark compart- 
ment with a mean latency of 13-24 seconds and the total time 
spent on the illuminated platform during the 3 habituation 
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trials was 51 seconds. Passive avoidance developed as a re- 
sult of electrical footshock, i.e., the latency to re-enter the 
dark compartment was significantly higher than before foot- 
shock. Mice with unilateral carotid occlusion were able to 
acquire the passive avoidance response, however, differ- 
ences appeared between this and the control group. Accord- 
ingly, the first habituation trial of the operated mice and also 
the total time spent on the platform during the habituation 
trials were significantly longer than in the control group. The 
passive avoidance latency of the operated mice was only 
slightly lower than in the controls. The corrected passive 
avoidance latency (corrected for the difference observed in 
the habituation latency of the two groups) of the operated 
mice was significantly lower than that of the sham operated 
controls. Unilateral carotid occlusion significantly decreased 
the spontaneous locomotor activity and the latency on the 
rotating treadmill (Table 1). 

Papaverine hydrochloride (2.0 mg/kg) did not influence 
the latency of the sham operated mice on the rotating 
treadmill, but the same treatment significantly (9 <0.05) in- 
creased this latency in mice with unilateral carotid occlusion 
(Fig. 1). 


DISCUSSION 


The results show that the behavioral measures investi- 
gated as the motor coordination on the rotating treadmill, the 
spontaneous locomotor activity and—to a lesser extent—the 
conditioned (passive) avoidance behavior are sensitive indi- 
cators of the impairment of cerebral blood flow following 
unilateral carotid occlusion. It is also concluded that these 
experimental parameters are sensitively responding to 
papaverine, a drug affecting the impaired cerebral circulation 
of the operated mice. The data presented are in accordance 
with these conclusions. Thus unilateral carotid occlusion 
significantly decreased the spontaneous locomotor activity 
of mice. In addition mice with unilateral carotid occlusion 
were able to stay on the rotating treadmill for a much shorter 
time than the sham operated controls. This method is indica- 
tive of the adequacy of motor coordination [2,13] and a good 
performance largely depends on kinaesthetic feedback to the 
motor system. The extent of change caused by unilateral 
carotid occlusion in the stay on the rotating treadmill was 
more expressed than that induced in the spontaneous loco- 
motor activity. 


Unilateral carotid occlusion exerted a modest action on 
one-trial learning passive avoidance behavior, which exper- 
imental paradigm sensitively measures learning and memory 
processes and the influence of drugs and endogenous sub- 
stances on these processes [3, 5, 6, 8]. Several methodolog- 
ical considerations have to be taken into account when 
analysing the relative insensitivity of this experimental 
model and before concluding that learned behavior is only 
marginally impaired by carotid artery occlusion and, thus, 
the influence of the occlusion on the motor activity—which 
is reflected in this paradigm in the longer habituation 
latency—interfered with learning processes. In fact, if pas- 
sive avoidance behavior were corrected for the increased 
habituation latency, operated mice would have a signifi- 
cantly impaired passive avoidance at the 24 hr retention trial. 
These data raise the possibility that unilateral carotid occlu- 
sion may have interfered with learning and memory processes 
also, and that this effect could be detected under different 
experimental conditions, e.g., postlearning occlusion com- 
bined with other behavioral tests. 

Previous data indicate that papaverine hydrochloride, a 
drug which is widely used in the treatment of human cere- 
brovascular diseases and is known to improve cerebral blood 
flow [10,11] significantly decreased the mortality of mice fol- 
lowing bilateral carotid occlusion [14]. In the present study 
papaverine treatment almost completely normalized the de- 
creased latency on the rotating treadmill of mice with unilat- 
eral carotid occlusion. It has been reported earlier [13] that 
barbiturates, tranquillizers and curariform drugs affect the 
motor coordination measured on the treadmill. Since all 
these treatments deteriorated motor coordination and 
papaverine improved it in the operated mice, it is likely to 
conclude that the beneficial effect of papaverine on the 
motor coordination was related to the ability of this drug to 
improve cerebral circulation. 

In conclusion, unilateral carotid occlusion significantly 
decreased the spontaneous locomotor activity and interfered 
with the motor coordination on a rotating treadmill. Since 
papaverine improved motor coordination in mice with un- 
ilateral carotid occlusion it is suggested that impaired 
motoric functions following unilateral carotid occlusion 
might provide useful screening systems to measure the effect 
of drugs which might protect the brain from consequences of 
ischemia—most probably by improving cerebral circulation. 
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WILCOX, K. S., G. R. CHRISTOPH, B. A. DOUBLE AND R. J. LEONZIO. Kainate and electrolytic lesions of the 
lateral habenula: Effect on avoidance responses. PHYSIOL BEHAV 36(3) 413-417, 1986.—Male Sprague Dawley rats 
(n=24), which received either bilateral electrolytic lesions, kainic acid lesions or sham treatments in the lateral habenula, 
were tested for acquisition of a one-way, conditioned avoidance response. Animals with electrolytic lesions failed to learn 
the avoidance task within 15 trials. In contrast, rats with kainic acid lesions performed as well as the control group. The 
results indicate that the disruption of the septal-medial habenula-interpenduncular nucleus pathway may be responsible for 
the observed avoidance deficit in electrolytically lesioned animals. 
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THE habenular complex of the rat is an epithalamic struc- 
ture which receives afferent input from limbic and basal 
ganglia areas via the stria medullaris (SM) [4]. Lateral 
habenular efferents project caudally via the fasciculus retro- 
flexus to midbrain structures such as the dorsal raphe nuclei 
(DR), the ventral tegmental area (VTA), and the substantia 
nigra pars compacta (SNC), while the medial habenula pro- 
jects almost exclusively to the interpeduncular nucleus via 
the fasciculus retroflexus [5]. The habenula is, therefore, a 
major structure in the dorsal diencephalic conduction sys- 
tem; a pathway which conducts neuronal projections from 
the forebrain to the midbrain region [12]. 

Physiological studies of the lateral habenula (LHb) have 
demonstrated that stimulation of neurons originating in this 
nucleus inhibits spontaneously active serotonin-containing 
neurons of the DR [16], as well as spontaneously active 
dopamine-containing neurons of the VTA and SNC [1]. The 
Strategic anatomical location of the habenula and its ob- 
served physiological interaction with midbrain monoamin- 
ergic systems suggests that it may mediate functions at- 
tributed to these neurotransmitter systems. For instance, 
transections of the stria medullaris at the level of the 
habenula have been shown to impair performance on a pas- 
sive avoidance task and facilitate performance on a two-way 
active avoidance paradigm [17]. Large electrolytic or 
radiofrequency lesions of the habenula have been found to 
result in an impairment in avoidance learning [9,15], a deficit 
in the ability to select appropriate behavioral strategies dur- 
ing stress [14], and a selective increase in dopaminergic utili- 
zation in the medial frontal cortex [6]. However, these le- 
sions often result in damage to structures other than the 
habenula (e.g., the stria medullaris and the medial dorsal 
thalamus) and also destroy fibers of passage through the lat- 
eral habenula. This additional damage makes it difficult to 
interpret the results of these studies. 


In the present study, habenula-lesioned animals were 
tested in a one-way, conditioned avoidance response (CAR) 
paradigm. The acquisition and sustained performance of 
these tasks have been shown to be sensitive to physiological 
and pharmacological manipulations of the dopaminergic sys- 
tem [18]. To determine whether destruction of fibers of pas- 
sage or destruction of cell bodies in the LHb are responsible 
for any observed deficits, two lesioning techniques were 
employed. Small, bilateral electrolytic lesions of the LHb 
were made in order to replicate the findings of previous ex- 
periments in which CAR deficits have been observed [9,15]. 
In another group, kainic acid, a cytotoxin which has been 
shown to selectively destroy cell bodies and spare fibers of 
passage in the LHb [2,7] was injected bilaterally into the 
LHb. 


METHOD 
Subjects 


Male Sprague-Dawley rats (n=24, 240-290 g) were ob- 
tained from the Charles River Breeding Laboratories, 
housed in groups of 2-4, maintained on a 12 hr light/dark 
cycle at 21°C, and given Purina Rat Chow and water ad lib. 
The subjects were randomly placed into one of four groups: a 
bilateral electrolytic (ELE) lesion group (n=6), a bilateral 
kainic acid (KA) lesion group (n=6), a sham-operated elec- 
trolytic (ELE SHAM) control group (n=6), and an artificial 
cerebrospinal fluid (CSF) control group (n=6). 


Surgery 


Rats were pretreated with atropine, 10 mg/kg, IP, 
anesthetized with 65 mg/kg sodium pentobarbitol (A. J. Buck 
and Son) or 2.5 ml/kg Chloropent (Fort Dodge Laboratories) 
and positioned in a Kopf stereotaxic instrument equipped 
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FIG. 1. (A) Schematic representations of frontal sections through 
the midbrain showing the maximal damage of electrolytic lesions of 
all animals participating in the study. (B) Schematic representations 
of frontal sections showing the pattern of damage illustrated by the 
Silver stain induced in all animals receiving KA injections in the 
LHb. 


with non-invasive ear bars. Small burr holes were made over 
the LHb, and electrodes or injection pipets were placed in 
the LHb at the following coordinates: 1.9 mm posterior to 
bregma, +0.60 mm from the midline, and 5.4 mm ventral to 
the skull surface [8]. For the electrolytic lesion and elec- 
trolytic sham groups a concentric bipolar electrode (Kopf, 
SNE-100) was used. To create lesions, a 0.25 mA anodal 
current was delivered through the core of the electrode for 
5.0 sec (Grass DC Constant Current lesion maker, LM 5A). 
Sham operated controls had the electrodes placed 1.0 mm 
dorsal to the habenula and no current was passed through the 
electrode. 

Bilateral kainic acid (KA) lesions were made by injecting 
100 nl of KA dissolved in saline (1.5 ng/nl, Sigma) through a 
glass micropipet (7-10 um tip diameter). The amount in- 
jected (100 nl) and the rate at which it was injected (25 
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nl/min) was controlled by a hydraulically-coupled nanoliter 
pump (WP! Model 1400). Injections into each lateral 
habenula were made in two 2-min intervals with a two min- 
ute duration between injections. The artificial CSF group 
received bilateral injections of 100 nl of artificial CSF in the 
LHb. 

The burr holes were filled with sterile bone wax, the inci- 
sion was sutured and testing commenced five to six days 
following surgery. 


Testing Procedures 


Rats were brought into the dark test room 45 minutes 
prior to the onset of testing. The one-way CAR was tested in 
a Plexiglas chamber, 12.5 x 12.5 « 17 cm, that had a grid 
floor through which a shock could be delivered. The subject 
was placed on the floor of the chamber and simultaneously 
presented with the conditioned stimulus (CS). The CS con- 
sisted of white noise and a bright light which shone through 
the chamber walls. Fifteen sec following the onset of the CS, 
the unconditioned stimulus (UCS), a 0.34 mA scrambled 
footshock, was delivered for 30 seconds. To avoid or escape 
the shock, the animal was required to jump up 17 cm onto an 
8.5 cm wide ledge surrounding the top of the chamber. If the 
animal's response occurred prior to the presentation of the 
UCS, it was counted as an escape response. An avoidance 
response terminated the CS and an escape response termi- 
nated both the CS and the UCS. Each animal was tested for 
15 trials with an intertrial interval of 8-12 min and the re- 
sponse latency (in sec) was recorded on each trial. If a sub- 
ject made 3 consecutive avoidance responses it was consid- 
ered to have successfully learned the task. 


Histology 


Following testing, all lesioned animals were sacrificed 
with an overdose of sodium pentobarbitol and intracardially 
perfused with saline followed by 10% formalin. Brains from 
animals receiving electrolytic lesions were frozen and 50 wm 
transverse sections containing the lesion sites were mounted 
on slides, stained with cresyl violet and examined under a 
light microscope to determine the extent of the damage. The 
brains from the animals with kainic acid lesions were frozen 
and 25 um serial sections containing the SM, habenular nu- 
clei, and FR were stained with method II of the Fink-Heimer 
silver stain procedure [3] to visualize damage induced in the 
LHb and its efferent projections in the FR [2]. 


RESULTS 
Histology 


Histological analysis of the electrolytic lesion group re- 
vealed that one animal had damage ventral to and excluding 
the habenula, and was therefore eliminated from statistical 
analysis. All other subjects had lesions placed in the LHb 
with no damage extending into the dorsomedial thalamus 
(see Fig. 1A). One subject’s lesions were placed in the 
posterior portion of the LHb and damage in this brain in- 
cluded a zone approximately 100 um lateral to the habenula. 

The silver stained sections of the KA lesion group were 
examined under a light microscope for argyrophilic debris. 
Four of the subjects had extensive bilateral neuronal degen- 
eration of cell bodies in the LHb. This degeneration did not 
extend into the medial habenula (MHb) (see Fig. 1B). The 
Stria medullarae of each brain did not exhibit any degenera- 
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FIG. 2. Photomicrographs of coronal sections through the habenula (A) of a normal rat and (B) of a rat that has received a kainic acid lesion. 
The cresyl violet stain reveals a loss of neuronal perikarya in the LHb of B (see inset). The medial habenula was not damaged by the lesioning 


procedure. Bar=100 um; inset, Bar=50 wm. Abbreviations: LHb, lateral habenula; MHb, medial habenula; 


tion. Cresyl violet stains of KA lesioned animals show a 
marked lack of neuronal cell bodies in the LHb (see Fig. 2). 
One animal had extensive damage in the right LHb, but the 
left LHb showed slight, but detectable degeneration. In ad- 
dition, sparse degeneration was observed in the left fas- 
ciculus retroflexus of this brain. This reduced amount of 
staining indicates that very few cell bodies in the left LHb 
were destroyed. 


Avoidance Responding 


One of the animals in the ELE SHAM group and one of 
the animals in the KA lesion group died before testing began. 
As described above, one of the electrolytically lesioned 
animals had a misplaced lesion and was therefore eliminated 
from statistical analysis. Therefore, there were 5 subjects in 
each group, except for the CSF-SHAM group, which had 6 
rats. 

Figure 3 shows the percent of avoidance responses made 
on each trial for the ELE lesion group and the sham operated 
controls. It was found that no rats in the lesioned group 
achieved the criterion for successful learning of the CAR, 
but all shams reached the criterion in an average of 5.4 trials. 
A two-way analysis of variance for a repeated measure de- 
sign revealed a significant difference between the two groups 
for response latencies, F(1,9)=22.6, p<0.01, (see Fig. 4). 
The mean response latency was 15.9 sec for the lesion group 
and 9.24 sec for the sham group. None of the subjects failed 
to escape on any trial. 

Figure 5 shows the percent of avoidance responding on 
each trial for the KA and CSF sham groups. Analysis of 


V, lateral ventricle. 
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FIG. 3. Percentage of rats in the electrolytic lesion group (ELE 
LESION) and the electrolytic sham group (ELE SHAM) that suc- 
cessfully avoided the UCS on each trial. 





variance revealed that there was no significant difference 
between groups for mean response latency. However, there 
was a significant effect of the repeated trial within subjects, 
F(14,126)=7.98, p<0.01, indicating that the performance of 
subjects in both groups significantly improved over time. 
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FIG. 4. Mean response latencies of the ELE LESION and ELE 
SHAM groups for each trial (*p<0.01). Response latencies greater 
than 15 seconds represent an escape response. Latencies less than 
15 seconds represent an avoidance response. 


Figure 6 shows that response latency in both groups de- 
creased over trials. The mean latency was 10.84 sec for the 
lesion group and 7.98 sec for the shams. Eighty percent of 
the KA lesioned animals reached the criterion for successful 
acquisition of the avoidance response, (mean=5.5 trials) and 
100% of the CSF shams reached this criterion (mean=4.3 
trials). 


DISCUSSION 


The present study supports previous research findings 
that electrolytic lesions of the habenula impair performance 
on a one-way CAR paradigm [9,15]. None of the rats in the 
ELE lesion group successfully attained the learning criteria 
of three consecutive avoidance responses. During presenta- 
tion of the CS, the rats in this group exhibited a tendency to 
‘“freeze,’’ although they demonstrated no difficulty execut- 
ing the proper motor response to escape the UCS. This 
*“freezing’’ response has previously been reported [15] and 
suggests that the rats were acquiring a conditioned emotional 
response to the CS but were unable to execute the appropri- 
ate motor response to avoid the UCS. 

The responses of the KA lesion group were not signifi- 
cantly different from those of the CSF control group. His- 
tological analysis demonstrated that KA treatment did not 
cause retrograde degeneration of the SM, indicating that fi- 
bers of passage and afferent projections to the habenula were 
left intact. Had these afferents and fibers of passage been 
damaged, retrograde degeneration would have been ob- 
served in the SM, as has been detected after electrolytic 
lesions of the LHb (unpublished observations). No degen- 
eration was observed in the medial habenula (MHb), which 
supports previous findings that the MHb is insensitive to the 
cytotoxic effects of kainic acid [2]. The core of the fasciculus 
retroflexus (FR) of kainate-treated rats was not stained, 
whereas the fibers surrounding the core of this pathway 
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FIG. 5. Percentage of rats in the KA lesion group and the CSF- 
SHAM group that successfully avoided the UCS for each trial. 
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FIG. 6. Mean response latencies of the KA lesion group and the 
CSF-SHAM group for each trial. Response latencies greater than 15 
seconds represent an escape response. Latencies less than 15 sec- 
onds represent an avoidance response. 


showed extensive degeneration. Previous anatomical find- 
ings have shown that axonal projections from the LHb sur- 
round the core of the FR and projections from the MHb are 
primarily in the core of this fiber bundle [5]. This finding 
supports the assertion that fibers from the MHb projecting 
through the LHb were not destroyed by the KA treatment. 
Silver stains of electrolytic lesions of the LHb have shown 
degeneration throughout the entire FR, indicating that this 
procedure damages MHb fibers which pass through the LHb 
on the way to the FR (unpublished observations). KA treat- 
ment did, however, cause substantial damage to neuronal 
cell bodies in the LHb. If damage to these cell bodies was 
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solely responsible for the CAR performance deficits, then 
the KA group should have exhibited behavior similar to that 
of the ELE lesion group. It is possible that a few 1emaining 
neurons in the LHb could have compensated for the damage 
induced by KA and allowed the rats to behave at control 
levels. However, similar KA induced lesions of the LHb 
have been shown to completely block the inhibition of 
dopaminergic neuronal activity that is normally induced by 
electrical stimulation of the LHb [1]. This strongly suggests 
that KA lesions can effectively impair the function of the 
LHb. 

The impaired performance of the ELE lesion group is 
more likely due to the disruption of the septal-medial 
habenula-interpeduncular nucleus (IPN) pathway than to 
damage of LHb neurons. Support for this hypothesis comes 
from several studies which have shown that lesions of the 
septal nuclei, transections of the SM, and lesions of the in- 
terpeduncular nucleus all impair performances in active 
avoidance paradigms [10, 11, 13]. This pathway was inter- 
rupted by the electrolytic lesioning technique, which, al- 
though restricted to the LHb, most likely destroyed MHb 
efferents which project through the LHb prior to joining the 
FR. As stated above, KA treatment did not damage this 
pathway, as evidenced by the lack of argyrophilic debris in 
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either the MHb, its afferents or its efferents. This supports 
the assertion that it is damage to the septal-MHb-IPN por- 
tion of the dorsal diencephalic conduction system which re- 
sults in impaired avoidance behavior in the ELE lesion 
group. 

In conclusion, although neurons in the LHb play a role in 
controlling the activity of dopaminergic neurons in the VTA 
and SNC [1], this aspect of habenular function does not ap- 
pear to be involved in the acquisition and sustained perform- 
ance of a CAR. Instead, it would seem that this response 
depends on the functional integrity of the septal-MHb-IPN 
pathway. In addition, this study indicates that cytotoxins 
such as kainic acid can be used to make lesions that may 
serve to specify neuronal elements responsible for behav- 
ioral alterations that occur after electrolytic damage to a 
brain structure. 
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ADKINS-REGAN, E. AND M. GARCIA. Effect of flutamide (an antiandrogen) and diethylstilbestrol on the reproductive 
behavior of Japanese quail. PHYSIOL BEHAV 36(3) 419-425, 1986.—Three experiments were conducted in order to 
investigate the role of brain androgen and estrogen receptors in sex hormone activated male reproductive behavior in 
Japanese quail. In Experiment 1, castrated male quail were injected with oil, testosterone propionate (TP), flutamide 
(FLUT), an androgen antagonist, or TP+FLUT. Males given TP+FLUT, compared with birds receiving TP alone, strutted 
much less and had smaller proctodeal (foam) glands. Copulation was reduced by FLUT only on the last test day and only on 
one measure (number of head grabs + mounts). These results suggest that binding of testosterone or one of its metabolites 
to an androgen receptor is part of the mechanism of TP activated strutting, and therefore that central nervous system 
androgen receptors are involved in a male reproductive behavior pattern. In Experiment 2, castrated male quail were 
injected with oil, with 50 wg estradiol benzoate (EB), or with 25, 50 or 100 wg diethylstilbestrol (DES), a synthetic estrogen 
that does not bind to androget: receptors. EB but not DES activated copulation to a significant extent. In Experiment 3 
male and female quail with photically regressed gonads were given intraperitoneal Silastic implants of DES, estradiol (E) or 
cholesterol. DES was highly effective at activating male-typical copulation in males and receptivity in both sexes. Thus 
hormonal interaction with estrogen receptors alone is sufficient for the activation of male-typical as well as female-typical 


copulatory behavior in this species. 
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SEX steroids such as androgens and estrogens are believed 
to act on target tissues, including neural tissue, by binding to 
relatively specific receptors and migrating into the cell nu- 
cleus bound to these receptors [28]. It follows that attempts 
to understand how sex steroids activate behavior should in- 
clude studies designed to determine, for a variety of behavior 
patterns, which classes of steroid receptors, if any, are in- 
volved. This objective is particularly important in the study 
of male sexual behavior. Here much evidence suggests that 
the behavior, even when clearly dependent on testicular 
hormones, is not necessarily activated by testosterone (T) 
itself (as opposed to its metabolites, including estrogenic 
metabolites) and therefore does not necessarily involve 
brain testosterone receptors or even androgen receptors 
[2,26]. 

Attempts to clarify the role of steroid receptors in male 
behavior have commonly used rats and other rodents as sub- 
jects. But for rodents and other mammals, mating behavior 
depends on the state of the peripheral genitalia, which them- 
selves depend on metabolism of T and on androgen recep- 
tors, thus complicating the interpretation of experimental 
data. 

Japanese quail are a particularly valuable alternative 
model for examining the contributions of androgen and es- 





trogen receptors to male behavior. In this species, as in most 
birds, there are no hormone dependent peripheral copulatory 
structures. At least one male behavior pattern, strutting, is 
unlikely to be dependent on any hormone dependent mor- 
phological substrate. Several lines of evidence indicate that 
T probably activates copulation by being aromatized (con- 
verted to an estrogen) [8], suggesting estrogen receptor in- 
volvement. Other components of male quai! reproductive 
behavior such as crowing and strutting definitely do not use 
an aromatization pathway [2, 14, 40], and can be fully ac- 
tivated only by androgens, suggesting androgen receptor in- 
volvement. Thus with this model it should eventually be 
possible to investigate the importance of both androgen and 
estrogen receptors for different male behavior patterns in the 
same species. 

At the present time it is difficult to obtain direct evidence 
that a particular type of steroid receptor is responsible for 
behavior, because receptor levels and behavior cannot be 
measured in the same animals at the same point in time. 
Instead indirect evidence is obtained by studying the effect 
of drugs or synthetic hormones on behavior, using treat- 
ments that have shown to interact relatively specifically with 
a particular class of receptors. This is the approach taken in 
the experiments reported here. 


‘Requests for reprints should be addressed to E. Regan, Department of Psychology, 218 Uris Hall, Cornell University, Ithaca, NY 14853. 
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The present study addresses two specific questions. One 
is whether binding of steroids to brain androgen receptors is 
actually essential for any male behavior pattern, a question 
that has usually been approached by examining the behav- 
ioral effects of antiandrogens, ideally those that work by 
competing for androgen receptors. Unfortunately, most ex- 
periments adopting this approach, including a study with 
quail [4], have used cyproterone acetate. Because of its 
progestagenic nature, this drug is antiestrogenic and 
antigonadotrophic as well as antiandrogenic [25,33], and 
therefore experiments using it fail to address the question. 

More recent efforts have used flutamide, which seems to 
be a purer antiandrogen [32]. Flutamide inhibits or reduces 
ejaculation (but not mounting and intromission) in T-treated 
castrated male rats [17,39], but probably does so via periph- 
eral morphological effects, as opposed to central nervous 
system actions [19]. Thus there is surprisingly little, if any, 
evidence, direct or indirect, that interactions of steroids with 
androgen receptors are actually required for any male behav- 
ior pattern. The present study examined the effect of 
flutamide on male quail behavior. Based on the quail exper- 
iments mentioned above, it was predicted that this drug 
would inhibit crowing and strutting without interfering with 
copulation. 

The other question addressed in this study is whether 
interaction of a steroid with estrogen receptors alone is really 
sufficient for male copulatory behavior. Little is known 
about the characteristics of steroid receptors in bird brains 
[9], but in work with rodents, estradiol does bind to a small 
extent to androgen receptors [11], complicating the interpre- 
tation of estradiol activated male copulation. Diethylstilbes- 
trol (DES), on the other hand, appears to bind only to estro- 
gen receptors [37], and thus activation of male behavior with 
DES would suggest a major role for estrogen receptors. 

Surprisingly little is known about the activational effects 
of this synthetic estrogen. It has been shown to activate 
lordosis and mounting in female rats [15] and sexual behavior 
in female cats [20]. With one exception, avian experiments 
have either given DES only to intact animals [38] or have 
found no behavioral effect [12, 16, 21]. The exception is a 
study in which both DES and estradiol stimulated nest- 
soliciting in castrated male ring doves [22]. The present 
study examined the effect of DES on the reproductive behav- 
ior of male and female quail. 


METHOD 


Animals 


Subjects were adult (age 6 weeks or older) Japanese quail 
(Coturnix coturnix japonica) housed individually. Stimulus 
males and females were intact untreated reproductively 
active birds. 


Hormone Manipulations 


Castrations were performed 2 to 8 weeks prior to treat- 
ment under a combination of Nembutal and Metofane 
anesthesia. All injected hormones were dissolved in 0.05 ml 
sesame oil and were administered daily in the pectoral mus- 
cles. 


Neutral Cage Tests 


For each of these tests a male subject was placed in the 
1.2 1.20.9 m testing cage alone for 5 min. Then a stimulus 
female was added, and the male was observed for another 5 


ADKINS-REGAN AND GARCIA 


GLAND AREA cmm?- x + Sem) 








FLUT TP 
DAY 
FIG. 1. Proctodeal glands of birds in Experiment 1. For each group 
n=10. The arrows indicate the onset of treatment. *p<0.05 com- 
pared with TP. **p<0.001 compared with TP. 


min. Behavior recorded included: number of crows during 
the entire 10 min, number of struts, and number of head 
grabs, mounts, and cloacal contact movements (components 
of copulatory behavior). The latency to the first head grab 
was also recorded, and males that failed to head grab were 
assigned the maximum possible latency of 300 sec. 


Receptivity Tests 


The male or female subject was placed in the testing cage 
(described above). A stimulus male was added and the pair 
was observed for 1 min. If the stimulus male failed to copu- 
late within one minute (which happened only rarely) he was 
replaced with a second male, and observation continued for 
1 min. The subject was assigned a score of 1 if no receptive 
behavior (squatting or holding still during copulation) was 
observed, 2 if partial receptivity was observed, and 3 if full 
receptivity was observed. 


Statistics 


Head grabs and mounts were combined for analysis be- 
cause both represent incomplete copulatory attempts. Data 
were analyzed by Mann-Whitney U-tests and Fisher’s exact 
probability tests. All p’s given are two-tailed unless stated 
otherwise. 


EXPERIMENT 1: EFFECT OF FLUTAMIDE ON 
BEHAVIOR OF MALES 


METHOD 


Subjects were offspring of breeders obtained from Trus- 
low Farms, Chestertown, MD. Forty castrated males with 
fully regressed proctodeal (foam) glands housed on a 16L:8D 
light-dark cycle were randomly assigned to 4 groups, with 10 
birds per group. These groups were injected as follows: 
group OIL: 0.05 ml sesame oil daily on days 1 through 23; 
group FLUT: 10 mg flutamide daily on days 1 through 23; 
group TP: | mg testosterone propionate (TP) daily on days 3 
through 23; group TP+FLUT: 10 mg flutamide daily on days 
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TABLE | 
COPULATORY BEHAVIOR OF MALES (EXPERIMENT 1) 





No. of 
tests with 
copulation*t 


Percentage 


Treatment copulating* 


No. of 

cloacal 

contact 
movements 


Head grab 
latency 
(sec)t 


No. of 
head grabs + 
mounts 





7 
TP + FLUT 


TP 
TP + FLUT 


TP 
TP + FLUT 


TP 
TP + FLUT 


20 
20 


80 
70 


100 
60# 


100 
80 


23 


All§ 


2(1) 
2(1) 


145(135) 
132(92) 


15(20) 
26(30) 
22(15) 
10(3)4 


99(66) 
31(34) 


0(0) 
0(0) 
7(3) 
3(2) 
10(5) 
2(3)4 


15(8) 
8(5) 


0(0) 
0(0) 


2(2) 
2(2) 


3(2) 
1(1)# 


5(2) 
3(2) 





Note: unless stated otherwise, each entry is median (semi-interquartile range). 


For each group n=10. 


*Here copulation means head-grabbing at least once. 


+Maximum possible=5. 


$Maximum possible=300 sec for days 11-23 and 1500 for all tests. Only birds that copulated are 


included. 


§Sum over all tests, including two earlier test days (5 and 8) not shown here. Head grab latency includes 


only tests with copulation. 
{p <0.05. 
#p<0.05 one-tailed test only. 


1 through 23 and | mg TP daily on days 3 through 23. The 
dosage of flutamide and FLUT:TP dosage ratio were chosen 
because they were maximally effective in published work on 
rats [32] and were effective but non-toxic in a pilot study 


with quail. 

Flutamide (4'-nitro-3'-trifluoro-methylbutyrlanilide), a 
nonsteroidal antiandrogen, was obtained from the Schering 
Corp. In rats, flutamide is a potent inhibitor of androgen 
dependent reproductive organs [32], and in mice it occupies 
brain androgen receptors [13]. 

On days 3, 5, 7, 9, 11, 16, 18, 20, and 22 the proctodeal 
gland of each bird was measured, using calipers, except that 
glands of groups OIL and FLUT were not measured on day 
16. On days 4, 6, 8, 10, 12, 17, 19, 21, and 23 each bird was 
observed in his individual home cage for 15 min, and all 
emitted crows were counted (home cage crowing tests). On 
days 5, 8, 11, 16, and 23 each male was given a neutral cage 
test as described above. All birds were weighed at the be- 
ginning and end of the treatment period. 


RESULTS 
Proctodeal Glands and Weight 


Proctodeal gland sizes are shown in Fig. 1. Flutamide 
interfered with the ability of TP to induce proctodeal gland 
growth. TP+FLUT glands were significantly smaller than 
TP glands on days 5, 9, 16, 18, 20, and 22 (6 out of 9 days). 
TP+FLUT glands were 24% to 33% smaller than TP glands 
on these days (27% to 41% if OIL glands are set at zero). 
Flutamide by itself had no stimulatory effect on gland devel- 
opment. Birds in all groups weighed slightly, but not signifi- 
cantly, more at the end of treatment than at the beginning, 
and there were no differences among groups. 


Strutting 
These results are shown in Fig. 2. Flutamide had a 


e@--@ TP+ FLUT 


oe 


TP 


NO. OF STRUTS  cmepian) 








FIG. 2. Strutting by birds in Experiment 1. For each group n= 10. 
*p<0.05 compared with TP. 


marked inhibitory effect on TP-stimulated strutting. Group 
TP+FLUT performed significantly fewer struts (by 50% or 
more) than group TP on days 16 and 23 and for all tests 
summed. On day 8 group TP but not group TP+FLUT strut- 
ted significantly more than group OIL (p<0.05). No male 
treated with flutamide alone ever strutted. 


Crowing 


Crowing frequencies of TP birds were unexpectedly low 
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TABLE 2 


EFFECT OF DIETHYLSTILBESTROL AND ESTRADIOL BENZOATE INJECTIONS ON MALE COPULATORY 
BEHAVIOR (EXPERIMENT 2) 





No. of 

cloacal 

contact 
movements 


No. of 
tests with 
copulation* 


No. of 
head grabs + 
mounts 


Head grab 
latency 
(sec)t 


Percentage 
copulating* 





29 0(1) 
29 0(1) 


628(424) 0(1) 0(1) 
567(380) 0(3) 0(1) 
17 0(0) 965(0) 0(0) 0(0) 
57+ 3(2)§ 160(141)§ 20(20)§ 4(5)§ 
0 0(0) - 0(0) 0(0) 





Note: unless stated otherwise, each entry is median (semi-interquartile range), and represents behavior for 
all four tests, including tests without copulation. 
*Here copulation means head-grabbing at least once. 


+Maximum possible=1200 sec. Only tests with copulation are included. 


tp=0.049, one-tailed test, compared with oil. 
$p =0.054, compared with oil. 


in both home cage tests (where one or two males tended to 
dominate all the crowing) and in the neutral cage tests (where 
no male ever crowed more than once during the entire 10 
min). For this reason, there was little opportunity to detect 
any inhibitory influence of flutamide on TP-stimulated crow- 
ing. Groups TP and TP+FLUT did not differ either in total 
crows during the experiment (medians were 6 and 3, respec- 
tively) or in percentage of birds crowing at least once (per- 
centages were 100 and 80, respectively). A small inhibitory 
effect of flutamide could be seen, nonetheless. There were 
three neutral cage test days in which at least some group TP 
maies crowed. On all three days group TP+FLUT males 
crowed less, and this effect was significant on one of the 
days (p<0.05 on day 8; p<0.05, one-tailed test only on day 
10). Flutamide alone did not stimulate crowing. 


Copulation 


These results are shown in Table 1. Groups OIL and 
FLUT are not shown, because no male in either group ever 
attempted copulation. Similarly, the data for the first two 
neutral cage tests (days 5 and 8) are not shown, because only 
two males (both in group TP) copulated. Normally more than 
6 daily injections of TP are required before copulation ap- 
pears. 

The copulatory behavior of groups TP and TP+FLUT 
differed only on day 23, the last day of testing. Group 
TP+FLUT had a lower score for head grabs + mounts (and, 
if one-tailed tests are used, for percentage copulating and 
number of cloacal contact movements), but those birds that 
did head grab exhibited significantly shorter latencies to 
copulate. Even on day 23, TP+FLUT males still performed 
significantly more head grabs + mounts and cloacal contact 
movements than group OIL (p<0.05 for both measures). The 
total scores for all tests were not different for any measure of 
copulatory behavior. 


EXPERIMENT 2: EFFECT OF DES INJECTION ON 
BEHAVIOR OF MALES 


METHOD 
Subjects were surgically castrated males of the Cornell 


University strain housed on an 8L:16D light:dark cycle. 
Twenty six males were injected with the following treat- 
ments: oil, or 25, 50, or 100 wg DES. An additional group of 7 
males was injected with 50 wg EB (estradiol benzoate). On 
injection days 19, 20, 21, and 22, each male was given a 
neutral cage test. On injection day 18 each male was weighed 
and checked for proctodeal gland development. 


RESULTS 


The results of Experiment 2 are shown in Table 2. EB 
activated copulatory behavior in four out of seven males. EB 
males differed from oil males on all five measures of copula- 
tory behavior, but these differences were only marginally 
significant unless one-tailed tests are used. DES, regardless 
of dosage, was less effective, and if all dosages are combined 
(no obvious dose-response relationship was evident) only 5 
out of 20 males ever copulated. None of the comparisons 
between oil males and any group of DES males approached 
significance. However, because not all EB males copulated, 
comparisons between EB and DES males also were not sig- 
nificant. 

As expected, no proctodeal (foam) gland development 
occurred in any males in this experiment, nor was any crow- 
ing or strutting observed. 


EXPERIMENT 3: EFFECT OF DES OR E IMPLANTS 
ON BEHAVIOR OF MALES AND FEMALES 


In Experiment 2, DES was not particularly effective as a 
replacement therapy for stimulating male-typical copulatory 
behavior, nor did EB activate copulation in 100% of the 
males. One possible reason for the ineffectiveness of DES 
could be its short half life in the circulation [30]. Estradiol 
was somewhat more effective, and was as potent as much 
higher dosages of TP have been in some studies (e.g., [3]). It 
was administered as an ester, which increases its half life. 
Experiment 3 compared non-esterified estradiol (E) with 
DES using a mode of administration (Silastic implants) that 
ensures continuous exposure regardless of metabolic clear- 
ance rate. In addition Experiment 3 examined the ability of 
DES to activate female-typical receptivity in males and 
females. Male-typical behavior was not measured in females, 
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TABLE 3 
EFFECT OF DIETHYLSTILBESTROL AND ESTRADIOL IMPLANTS ON SEXUAL BEHAVIOR (EXPERIMENT 3) 





No. of 
% tests with 


Treatment n_ copulating* copulation? 


(sec)t 


Head grab 
latency 


No. of 

cloacal No. of 

contact % tests 
movements receptive§ receptive 


No. of 
head grabs + 
mounts 


Receptivity 
score4 





DES 
E 


100** 4(0)** 


33 0(1) 777(S0) 
Females DES 
Control 


5 
6 
Control 3 0 0(0) —_ 
5 
2 


82(122)** 


18(3)** 10(11)¢4 100** 1(1)** 
0(1) 0(1) 17 0(0) 
0(0) 0(0) 0 0(0) 


2.5(0.3)** 
1.8(0.3) 
1.0(0.3) 


3.0(0.0)** 
1.3(0.3) 


io — 80 2(0) 
— oa 0 0(0) 





Note: unless stated otherwise, each entry is median (semi-interquartile range). 


*Copulation here means head-grabbing at least once. 
+Maximum possible=4. 


¢Maximum possible= 1200 sec. Only tests with copulation are included. 
§Receptive here means obtaining at least one receptivity score of 3. Maximum possible=2. 


{1=unreceptive; 2=partially receptive; 3=fully receptive. 
**p<0.05, compared with same sex controls. 

+tp<0.05, one-tailed test, compared with same sex controls. 
ttp<0.054, one-tailed test, compared with same sex controls. 


because neither testosterone nor estradiol activates male- 
typical behavior in female quail [3]. 


METHOD 


Subjects were offspring of breeders obtained from Trus- 
low Farms. Birds had been housed on an 8L:16D light:dark 
cycle for 18 days, which causes gonadal regression (*‘photic 
castration’’), and remained on this light:dark cycle through- 
out the remainder of the experiment. Each bird was given an 
intraperitoneal implant under Nembutal plus Metofane 
anesthesia. Implants were Silastic tubing containing either 
E, DES, or cholesterol (control), and measured 2 cm in 
length with o.d. 2.41 mm and i.d. 1.56 mm. Each male sub- 
ject was given a neutral cage test on days 8, 16, 23, and 24 
after implantation. Each male and female was given a recep- 
tivity test on days 9 and 14 after implantation. 


RESULTS 


The behavior of the males in the neutral cage tests is 
shown in Table 3. One bird in the DES group died before 
testing began. DES implants proved very effective for ac- 
tivating copulatory behavior. All five DES treated males 
copulated as early as day 8, and comparisons between DES 
and control males were significant for four out of five meas- 
ures of copulatory behavior. No DES males crowed, but one 
bird did strut. 

E implants were not as effective for male-typical behavior 
(see Table 3). Two out of six males copulated beginning on 
day 8, but statistical comparisons with control males were 
never significant. E males copulated significantly less than 
DES males on three measures of copulatory behavior, 
number of tests with copulation (p<0.05), head grab latency 
(p <0.05), and number of head grabs + mounts (p<0.01). 

The behavior of the birds in the receptivity tests is shown 
in Table 3. DES was very effective at stimulating receptive 
behavior in both males and females. All but one bird (a 
female) was fully receptive in at least one test, and DES 
males differed significantly from control males on all three 
measures of receptivity. There was no sex difference in re- 


sponsiveness to DES on any measure of receptivity. While 
female scores for receptivity and number of tests receptive 
looked higher, these differences did not approach signifi- 
cance. Furthermore, observation of the birds made it clear 
that males had slightly lower scores than females mainly 
because they first mounted the stimulus male and attempted 
to copulate, and only after several seconds allowed them- 
selves to be mounted. Once mounted, they were fully recep- 
tive. Because females did not exhibit male-typical copulat- 
ory attempts, they did not demonstrate this behavioral con- 
flict. 

E was less effective than DES at stimulating receptivity in 
the males (see Table 3). E males did not differ from controls 
on any measure. Comparisons between E and DES males 
were significantly different for percentage receptive 
(p <0.05) and were nearly significantly different for the other 
two measures (p=0.052 in both cases). No comparisons be- 
tween E males and control males approached significance. 


DISCUSSION 


The most pronounced behavioral effect of flutamide in 
Experiment | was reduction of TP-activated strutting. This 
almost certainly represents a central nervous system effect 
of the drug, for strutting does not involve any androgen- 
dependent peripheral structure. This is the clearest demon- 
stration to date of a central effect of flutamide on male be- 
havior, because previous studies have either administered it 
to intact animals [36], or have observed behavioral effects 
that were probably due to peripheral morphological actions 
of flutamide [17, 19, 39]. The only other published behavioral 
study of flutamide in birds is an experiment [36] in which 
intact male redwinged blackbirds treated with the drug be- 
came less dominant. 

The effect of flutamide on strutting adds to the surpris- 
ingly small body of evidence using any approach or species 
for a role for brain androgen receptors in male behavior. The 
androgen insensitive rat, although deficient in androgen re- 
ceptors, does have a few, and so its behavior is not neces- 
sarily devoid of androgen receptor influences [18]. R 1381, a 
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synthetic androgen that is not metabolized and binds only to 
androgen receptors, stimulates some components of mating 
behavior in rats [34], but not necessarily due to central ef- 
fects. 

The present study does not identify either the specific 
steroid that binds to the androgen receptors to cause strut- 
ting (T?, DHT?) or the type of androgen receptor involved. 
According to one recent thoughtful analysis, there are prob- 
ably three androgen receptors in rats—one specific for T, 
one specific for DHT, and one that binds both T and DHT 
[37]. Whether there are also three in birds is unknown. 

Flutamide prevented TP from having its full stimulatory 
effect on proctodeal gland growth in male quail, thus con- 
firming its biological activity in this species and its suitability 
for testing the behavioral hypothesis addressed by this 
study. While flutamide did not completely inhibit gland 
growth (nor did it completely inhibit strutting) such extreme 
effects would not be expected. Jn vitro flutamide is not 
antiandrogenic, and in vivo a metabolite of flutamide, rather 
than flutamide itself, seems to be the active antiandrogenic 
agent, at least in the brain [13,29]. Because it acts through a 
metabolite, flutamide does not compete for brain androgen 
receptors as effectively as testosterone itself [13]. Further- 
more, even cyproterone acetate, which has antiandrogenic 
actions through multiple mechanisms, causes at best a 50% 
reduction in proctodeal glands compared with intact males [4]. 

In all likelihood flutamide (or, more likely, a flutamide 
metabolite) reduced proctodeal glands by acting as an 
antiandrogen, rather than an antiestrogen or other kind of 
inhibitor. Only androgens, not estrogens, produce 
proctodeal gland growth [1,35]. Biochemical studies of 
proctodeal glands indicate that testosterone probably stimu- 
lates growth through conversion to Sa-DHT [27], but it is 
unlikely that flutamide was actually acting as a Sa-reduction 
inhibitor, for it has been found to have little such activity in 
rats [10]. There was no indication that flutamide acted as a 
weak androgen. 

Flutamide was expected to have no effect on male quail 
copulatory behavior. While there was a slight inhibitory ef- 
fect of flutamide on copulation, this effect was significant by 
a two-tailed test only for one measure of copulation and 
occurred only on the last day of testing, after 23 daily injec- 
tions. In contrast, flutamide’s effect on proctodeal glands 
and on strutting was significant at least one week earlier. 
This suggests that the effect of flutamide on copulation may 
not have been due to the same mechanism as the effect of 
flutamide on strutting and gland growth. Toxicity is a 
possibility, given that copulation declined only late in the 
experiment, although neither the weights of the birds nor 
their general appearance and behavior during the tests 
suggested any toxicity. An alternative possibility is that the 
long-term flutamide treatment had begun to interfere with 
the aromatization of T that is necessary for quail copulation. 
This interpretation is suggested by the fact that Sa-DHT is an 
aromatase inhibitor [31], indicating that androgen receptors 
modulate aromatization. By competing with T for those 
androgen receptors, flutamide should eventually cause 
aromatase levels to decline. 
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DES proved quite potent for activating copulation in Ex- 
periment 3 but not in Experiment 2. There were three 
procedural differences between these two experiments 
(animal strain, surgical vs. photic castration, and mode of 
steroid administration) and so it is not possible to know 
which of these procedural differences accounts for the 
difference in DES effectiveness (although it has been shown 
that photically vs. surgically castrated quail do not differ in 
behavioral responsiveness to either TP or EB [5]). Nonethe- 
less it is clear that DES by itself can be sufficient to induce 
male copulatory behavior. Because DES does not bind to 
androgen receptors [37], it follows that estrogenic actions 
alone are sufficient for male copulatory behavior, and there- 
fore the results of Experiment 3 constitute strong evidence 
that quail copulation is mediated by a process in which T is 
aromatized and the metabolite binds to an estrogen receptor. 
Male-typical behavior has also been activated with DES in 
castrated male ring doves (nest-soliciting-mode of adminis- 
tration unspecified) [22] and in intact juvenile turkeys (large 
weekly injections) [38], but analogous mammalian studies 
seem to be absent from the literature. 

DES was also quite potent for stimulating female-typical 
receptive behavior, and like EB [3] had this effect in both 
sexes. Such an effect of DES has also been observed in two 
species of mammals [15,20]. Cheng [12], however, found that 
DES, compared with EB, was remarkably ineffective for 
stimulating female sexual behavior in ring doves, even 
though it was more effective at stimulating oviduct growth. 

One male treated with DES did strut. No E or EB treated 
males strutted, and in previous studies involving EB treated 
males [3, 6, 7] only 1 out of a total of 23 males has strutted. 
The biological significance, if any, of behavior exhibited by 
only one bird is unclear, but implies a minimal contribution 
at best of estrogen action to strutting. 

EB injections or implants activate behavior in male and 
female quail ({[3, 6, 7], Experiment 2, and unpublished data), 
even when the strain and type of castration are the same as in 
Experiment 3. The failure of E implants to activate either 
male- or female-typical behavior in Experiment 3 was there- 
fore unexpected. Additional research would be necessary in 
order to determine whether this difference between EB and 
E is due to rate of diffusion through Silastic tubing, clearance 
rate, or esterification per se [23]. 

In conclusion, these experiments provide evidence that 
strutting requires interaction of testosterone or a metabolite 
with brain androgen receptors, whereas interaction with es- 
trogen receptors alone is sufficient for copulation. These 
points can be appreciated by contrasting the effect of 
flutamide vs. DES on male-typical behavior (the former re- 
duced strutting much more than copulation, whereas the lat- 
ter activated copulation much more than strutting), and by 
contrasting the effect of the antiandrogen flutamide vs. the 
antiestrogen CI-628 (the latter inhibited copulation but not 
strutting) [6]. While any one male quail behavior pattern ap- 
pears to depend primarily on one class of steroid action, both 
androgenic and estrogenic actions are clearly needed for the 
full repertoire of behavior essential for successful reproduc- 
tion. 
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HUGHES, R. A. P-chlorophenylalanine attenuates tonic immobility duration in chickens. PHYSIOL BEHAV 36(3) 
427-430, 1986.—The resu!ts of two experiments demonstrated a dose-dependent reduction in tonic immobility (Tl) duration 
by p-chlorophenylalanine (PCPA) in White Leghorn cockerels. In Experiment 1, five-day old chicks were given five 
intraperitoneal injections of either saline or 75 or 150 mg/kg of PCPA at a rate of one injection a day for five days. The 
effects of these injections were evaluated one day after the last injection. A total of 750 mg/kg of PCPA significantly 
reduced TI duration but 375 mg/kg did not. In Experiment 2, chicks were given either two saline injections, two 375 mg/kg 
PCPA injections, or one 375 mg/kg PCPA injection and one saline injection. The effects of these injections were evaluated 
either one or three days after injections. A total of 750 mg/kg of PCPA significantly reduced TI both one and three days after 
injections but 375 mg/kg of PCPA did not. Previous failures to obtain significant PCPA effects on TI may reflect insufficient 


drug amounts. 
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MOST animals will struggle vigorously when they are re- 
strained. With continued restraint an animal will often stop 
struggling and may remain in a state of tonic immobility (TI) 
for several seconds to several minutes or more after restraint 
is ended. The species generality of this transient immobile 
state is well-documented as is a direct correspondence be- 
tween TI duration and operationally defined states of fear 
[6]. Evidence concerning the potential adaptive significance 
of TI suggests that it may reflect a terminal defense response 
to predation [20,22]. Moreover, the striking similarity of TI 
characteristics to those of catatonic schizophrenia prompted 
the suggestion that TI may provide an infrahuman analog of 
that abnormal human state [8]. 

Recent research has focused on the neuropharmacology 
of TI. Although evidence indicates that altered adrenergic [4, 
13, 14, 23], cholinergic [16, 18, 24, 31], and dopaminergic [5, 
27, 28] activity can affect TI, other evidence suggests that 
serotonergic (SHT) systems play a pivotal role in TI 
phenomena [2, 3, 7, 9, 10, 11, 12, 17, 19, 25, 26, 27, 29, 30, 
31]. The apparent correspondence between SHT activity 
and TI duration is weakened considerably by the failure of 
p-chlorophenylalanine (PCPA), a relatively specific depletor 
of SHT, to affect TI duration [1, 2, 3, 17, 19, 30, 31]. How- 
ever, the failure of PCPA to significantly affect TI may be 
dose-dependent. 

Although approximately 300 mg/kg of PCPA can 
produce a substantial and long-lasting depletion of brain 
5HT in the rat, about 750 mg/kg of PCPA is required to 
produce a similar depletion of brain SHT in domestic fowl 
[21]. Domestic fowl were used in all of the research in which 
PCPA did not affect TI [1, 2, 3, 17, 19, 30, 31]. Moreover, the 
amounts of PCPA used in the majority of these TI studies 
was about 300 mg/kg and in no case equaled or exceeded the 
750 mg/kg that may be required to substantially deplete SHT 
in domestic fowl. This evidence supports the suggestion that 


the failure of PCPA to affect TI in domestic fowl may reflect 
an insufficient reduction of SHT in this species as opposed to 
a qualitative failure of PCPA to affect TI [2, 7, 29]. 


EXPERIMENT | 


This experiment was designed to examine the effects of 
375 and 750 mg/kg of PCPA on TI in chickens tested one day 
after a series of five injections. The 750 mg/kg PCPA dose, 
test time, and injection procedures were patterned after 
methods reported to produce a substantial depletion of SHT 
in the avian brain [21]. The lower PCPA dose was selected 
because it approximates the amount used in previous TI re- 
search [1, 2, 3, 17, 19, 30, 31]. 


METHOD 
Subjects 


Forty-five White Leghorn cockerels (Welp-Line No. 
937-A) were obtained at one-day posthatch from Welp Inc., 
(Bancroft, IA). The birds were housed in a temperature con- 
trolled brooder (Brower Mfg. No. 1680-1) until five days 
posthatch when they were coded for individual identification 
and housed five animals per cage in stainless steel wire mesh 
cages (62x25x18 cm). Free access to water and food 
(Wayne pullet starter) was provided under both housing 
conditions. The colony room was illuminated by overhead 
fluorescent lights from 0700 to 1900 hr. 


Apparatus 


Immobility was induced in sound attenuating plywood 
chambers. The details of these chambers have been de- 
scribed [18]. Placement of a photobeam directed at a photo- 
sensor across the short axis of a shallow oval depression in 





TABLE 1 


MEAN TI DURATION (SEC) AS A FUNCTION OF 
DRUG TREATMENT CONDITION 
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TABLE 2 


MEAN TI DURATION (SEC) AS A FUNCTION OF DRUG TREATMENT 
CONDITION AND TEST TIME 





DIST-H20 PCPA-375 PCPA-750 


DIST-H20 PCPA-375 PCPA-750 





308.1 385.6 115.3 
59.8 102.1 14.9 


Test Day 1 
Test Day 3 


312.9 (69.7)* 
285.9 (59.0) 


321.2 (75.3) 
300.8 (73.7) 


110.4 (15.2) 
135.8 (26.6) 





the floor of each chamber and the use of solid state pro- 
gramming equipment permitted automated measurement of 
TI duration. Each chamber was placed in a separate dark- 
ened room. 


Procedure 


At five days posthatch each animal was randomly as- 
signed to one of three treatment groups (n=15 per group). 
Each animal received five 2 cc/kg intraperitoneal injections 
at the rate of one per day for five consecutive days. Animals 
in group DIST-H20 were given distilled water injections, 
those in group PCPA-375 were given injections containing 75 
mg/2 cc of PCPA (Sigma; d-l-chlorophenylalanine methyl 
ester hydrochloride dissolved in distilled water), and those in 
group PCPA-750 were given injections containing 150 mg/2 
cc of PCPA. On each of the five injection days an animal was 
removed from its cage and carried by hand to an adjacent 
room where the animal was weighed, injected, and im- 
mediately returned to its cage. All animals were tested in a 
randomly determined order one day after the last injection 
(i.e., at ten days posthatch). On the test day, a chick was 
removed from its cage, placed into a small lidded container, 
and taken to one of the five rooms where TI was induced. 
For TI induction a chick was held upright over the oval 
depression in the chamber floor. Five sec later the animal 
was inverted and gently but firmly restrained on its back in 
the oval depression. After 15 sec the chick was slowly re- 
leased, a silent timer was started, and a cloth flap was low- 
ered over the access hole to the interior of the chamber. If 
the chick righted itself at release or within ten sec of release, 
the induction procedure was immediately repeated. After 
successful TI induction the experimenter left the room. The 
timer stopped timing when the chick moved its body enough 
to permit the photobeam to activate the photosensor or until 
a criterion of 900 sec occurred. After the test each chick was 
returned to its home cage. All tests were conducted by an 
experimenter who was unaware of the treatment conditions. 


RESULTS 


One chicken in Group PCPA-375 died before the last two 
PCPA injections were administered. The groups were 
equated (n=14) by randomly discarding one animal from 
each of the remaining groups. Drug treatment did not sys- 
tematically affect susceptibility to TI induction. Only five 
chickens required more than one induction attempt. The dis- 
tribution of these animals across treatment groups was 2, 2, 
and 1, in group DIST-H20, PCPA-750, and PCPA-375 re- 
spectively. There was some evidence of a systematic drug 
treatment effect on body weights across the five treatment 
days. Mean body weights did not decline but the order of 
weight gain was PCPA-750<PCPA-375<DIST-H20. These 
differences, however, were not statistically significant. 


*Number in parentheses=standard error of the mean. 


Mean TI durations as a function of drug treatment are 
presented in Table 1. Drug treatment significantly affected 
TI duration, F(2,39)=5.28, p<0.01. Moreover, the dose- 
dependent reduction in TI duration that is suggested by these 
data was confirmed by Duncan’s test. The mean TI duration 
of group PCPA-750 was significantly shorter than the TI du- 
ration of group PCPA-375 (p<0.01) and group DIST-H20 
(p<0.05). The difference in mean TI durations of the latter 
two groups was not significant. 


EXPERIMENT 2 


In the first experiment TI duration was reduced signifi- 
cantly by 750 but not by 375 mg/kg of PCPA. This result was 
obtained on tests given just one day after a series of injec- 
tions that were administered over five successive days. In 
rats the effect of PCPA on SHT increases from one to 
three days after injection. The purpose of this second exper- 
iment was to examine the effects of 375 and 750 mg/kg of 
PCPA administered within one day on TI duration one and 
three days after injections. 


METHOD 
Subjects Apparatus and Procedure 


Ninety White Leghorn cockerels were obtained at one 
day posthatch. With the exception of some differences to be 
described below, the subject characteristics, housing, main- 
tenance, apparatus, and general procedures were as described 
in the first experiment. The design of this experiment was a 
2x3 factorial. The animals were randomly assigned to one of 
two injection to test-time groups (one or three days) and one 
of three injection groups (DIST-H20, PCPA-375, or PCPA- 
750). At nine days posthatch the animals were given two IP 
injections of 2 cc/kg each. The first injection was adminis- 
tered between 0900 and 1100 hr and the second between 1400 
and 1600 hr. The animals in group DIST-H20 received two 
injections of distilled water, those in group PCPA-375 re- 
ceived one 375 mg/kg injection of PCPA followed by a dis- 
tilled water injection, and those in group PCPA-750 received 
two 375 mg/kg injections of PCPA. Testing occurred either 
one or three days later. 


RESULTS 


Two chickens died before the TI tests (one from group 
PCPA-750 and one from group DIST-H20). The number of 
animals per group was reduced to 14 by random procedures. 
As in the first experiment, drug treatment did not systemati- 
cally affect susceptibility to TI induction. Only four animals 
required two induction attempts (one each in groups PCPA- 
750 and DIST-H20 on tests one day after injections and one 
each in groups PCPA-375 and PCPA-750 on tests three days 
after injections). The summary data for TI duration as a 
function of drug treatment and injection-to-test interval are 
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presented in Table 2. Analysis of variance revealed a signifi- 
cant main effect of drug treatment, F(2,78)=6.22, p<0.01. 
Neither the main effect of test-time nor the interaction term 
was significant. Duncan’s test demonstrated that mean TI 
duration for group PCPA-750 was significantly shorter than 
TI duration for group PCPA-375 and group DIST-H20 at 
both test intervals (p><0.05). No other comparison of mean 
differences was significant. 


DISCUSSION 


In the present research a total of 375 mg/kg of PCPA did 
not significantly affect TI duration either one day after a 
series of injections given over five days (Experiment 1), or 
one or three days after injections when the injections were 
given within one day (Experiment 2). This absence of signifi- 
cant PCPA effects on TI duration is consistent with previous 
research in which similar PCPA amounts were used [1, 2, 3, 
17, 19, 30, 31]. Collectively, these data suggest that PCPA 
does not affect TI. 

The apparent failure of PCPA to significantly affect TI is 
not congruent with the extensive evidence, cited earlier, that 
serotonergic systems play a pivotal role in TI phenomena. 
This discrepency, however, is evidently dose-dependent. In 
the present research a total of 750 mg/kg significantly re- 
duced TI duration both in Experiment | on tests one day 
after injections and in Experiment 2 on tests one and three 
days after injections. The magnitude of these PCPA effects 
was relatively unaffected by the differences in injection 
schedule between the two experiments and by the different 
injection-test intervals of the second experiment (cf. mean TI 
durations of the PCPA-750 groups in Tables | and 2). This 
evidence suggests that 750 mg/kg of PCPA may exceed the 
amount required to affect TI duration. Moreover, since there 
is evidence that as much as 600 mg/kg of PCPA does not 
significantly affect TI duration [3], this further suggests that 
PCPA amounts in excess of 600 mg/kg and approaching 750 
mg/kg may be required to significantly affect TI duration. 

The finding that PCPA, a relatively specific depletor of 
SHT, can affect TI duration is clearly consistent with the 
central role that serotonergic systems seem to play in TI 
phenomena. The results of the present research, however, 
are not consistent with conceptual models of the way in 
which TI duration and serotonergic systems are related. One 
early attempt to describe the relationship between SHT ac- 
tivity and TI specified that TI duration was inversely related 
to the electrical activity of serotonergic midbrain raphe 
neurons [29]. According to this model, PCPA did not affect TI 
because this drug does not affect midbrain raphe electrical 
activity. The present finding of reduced TI duration by 
PCPA is clearly incompatible with this model. A revised 
version of the serotonergic midbrain raphe model, however, 
was prompted by an earlier contradictory finding that the 
combined administration of the SHT precursor tryptophan 
and the monoamine oxidase inhibitor pargyline, two drugs 
that were expected to increase TI duration [29], decreased TI 
duration [2]. 
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The revised midbrain raphe model emphasizes 
postsynaptic phenomena and specifies that TI duration is 
inversely related to serotonergic midbrain raphe postsynap- 
tic inhibition. Thus, any manipulation that can increase raphe 
postsynaptic inhibition should decrease TI duration and any 
manipulation that can decrease raphe postsynaptic inhibition 
should increase TI duration. The descriptive and predictive 
potential of the revised model is impressive. It incorporates 
the evidence on which the original model was based [29] and 
provides an explanation for the opposite effects on TI of 
tryptophan and pargyline when these drugs are administered 
separately and when they are combined [2]. Moreover, the 
recent findings that the SHT agonist quipazine and the SHT 
releasing drugs p-chloroamphetamine and fenfluramine can 
decrease TI duration are in accord with the revised model 
because each of these drugs should increase serotonergic 
midbrain raphe postsynaptic activity and thereby decrease 
TI [3, 25, 26, 27]. 

Although the revised model correlates well with a sub- 
stantial amount of evidence, it cannot accommodate the re- 
sults of the present research. In this research, amounts of 
PCPA that can reduce SHT in the avian brain by about 70% 
[21] reduced TI duration. According to the revised model, if 
reduced brain SHT by PCPA affects TI the result should be 
an increase, not decrease, in TI duration. Further, the find- 
ing that centrally administered SHT increases TI duration 
[10] is also incompatible with the revised model since this 
manipulation should increase raphe postsynaptic inhibition 
and thereby decrease TI duration. 

The decrease in TI duration produced by PCPA (Experi- 
ments | and 2) and the increase in TI duration produced by 
SHT [10] are directly opposite to effects predicted by the 
revised serotonergic midbrain raphe model [2]. The basis of 
these contradictory findings is not readily apparent and ad- 
ditional research is clearly needed before the revised raphe 
model is either revised again or abandoned. One direction 
that such research might take is to further evaluate the ef- 
fects on TI of drugs that can reduce S5HT activity. Various 
drug treatments that can reduce SHT activity have been re- 
ported to have no significant effect on TI. These drug treat- 
ments include the neurotoxin 5,6-dihydroxytryptamine [31], 
and the SHT receptor antagonists cinanserin [27], methyser- 
gide [15], and cyproheptadine [15]. In each of these in- 
stances, however, the drug effects on TI were evaluated at 
only one dose level. Considering the substantial involvment 
of SHT systems in TI phenomena, and in view of the present 
findings, it is possible that a more extensive dose response 
determination of the effects of SHT antagonists might reveal 
significant effects of those drugs on TI. If reduced SHT ac- 
tivity by SHT receptor antagonists is found to decrease TI 
duration, then this finding would suggest that Tl duration and 
5 HT activity are directly related, as is suggested by the pres- 
ent findings of decreased TI by PCPA and by the finding of 
increased TI by central application of SHT [10]. If, on the 
other hand, reduced SHT activity by these drugs is found to 
increase TI duration, then this finding would lend additional 
support to the revised serotonergic midbrain raphe model. 
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PENICAUD, L., D. A. THOMPSON AND J. LE MAGNEN. Effects of 2-deoxy-D-glucose on food and water intake and 
body temperature in rats. PHYSIOL BEHAV 36(3) 431-435, 1986.—Comparisons between early daytime and early night- 
time effects of 2-deoxy-D-glucose (2DG) injections on food and water intake and rectal temperature were made. Food 
intake was significantly enhanced by 2DG injections regardless of the phase of the light cycle. In the daytime, water intake 
was increased by a lower dose of 2DG (200 mg/kg, IP) but there was no further increase at a higher dose (400 mg/kg). At 
night, the lower dose of 2DG had no effect on water intake but the higher dose suppressed the water intake normally 
associated with feeding. Administration of 2DG reduced preprandial rectal temperature in a dose dependent fashion in both 
phases of the light cycle. However, preprandial rectal temperatures were decreased more at night than during the daytime 
after injection of the higher dose of 2DG. Therefore, 2DG-induced hypothermia is dependent on both the dose of 2DG 
injected and the phase of the light cycle in which glucoprivation is produced. Furthermore, below a certain level of body 
temperature, rats markedly reduced drinking behavior while maintaining but not increasing their feeding response to 
2DG-induced glucoprivation. These results suggest that behaviors may be directed toward preservations of body tempera- 
ture in preference to relief of hunger by eating and of thirst by drinking. 

2-Deoxy-D-glucose Food intake Water intake 


Rectal temperature Diurnal rhythm 





INTRACELLULAR glucose utilization is competitively 
blocked by 2-deoxy-D-glucose (2DG), a non-metabolizable 
analogue of glucose [3,5]. Central nervous system gluco- 
privation produced by 2DG administration by various 
routes activates noradrenergic-mediated lipolysis and 
glycogenolysis [4, 7, 8, 15]. Increased food intake [14, 20, 
24] and hunger [24,29], increased water intake and thirst 


examined the dual effect of 2DG at night and during the day 
on water intake and body temperature. The aim of the pres- 
ent study was to examine the effect of 2DG on body tempera- 
ture and food and water intake during the two phases of the 
day-night cycle. 


[21, 25, 29] and hypothermia [11, 22, 26] accompany these 
metabolic and hormonal changes. The interactive nature of 
body fluid and nutrient regulation and of temperature regu- 
lation and food and water intake [2, 9, 23] is well known but 
not frequently considered in many studies. 

The administration of 2DG at night or during the day 
produced inconsistent effects on food intake. Although some 
authors report an increase in food intake after 2DG adminis- 
tration only during the daytime [12,17], others find a rise in 
both periods [1,16]. However, no one to our knowledge, has 





METHOD 


Fourteen male rats weighing 250 to 300 g at the beginning 
of the experiment were housed in plastic cages placed in a 
room in which a light-dark cycle was maintained. Tempera- 
ture was regulated at 22°+2°C. Rats had free access to water 
and, except as otherwise indicated, to a standard powdered 
chow diet (Sorolabo, 3.2 kcal/g). Food was presented in a 
food cup lying on the floor of the cage and water was avail- 
able in a water bottle with a sipping tube placed 5 cm above 
the floor of the cage and on the right side of the food cup. 
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FIG. 1. Effect of saline (open bar), 2DG 200 mg/kg (hatched bar) or 
2DG 400 mg/kg (shaded bar) intraperitoneal injections at night or 
during the day on rectal temperature (upper panel) and food (middle 
panel) and water (lower panel) intake. Temperature is expressed as 
change from baseline to one hour after injection. Water and food 
intake were measured for sixty minutes starting one hour after in- 
jections. Values are mean+SEM. Paired t-tests were performed 
(*p<0.05, **p<0.01, ***p<0.001). In the upper panel statistically 
significant differences were observed at night between saline and 
2DG 200 mg/kg (p<0.05), saline and 2 DG 400 mg/kg (p<0.001), and 
2DG 200 mg/kg and 2 DG 400 mg/kg (p<0.001). 


Animals were divided into two groups of seven rats each 
which were tested in either the dark or light phase. The first 
group was maintained on a light-dark cycle with lights on 
from 8 a.m. to 8 p.m. The other was on a reversed cycle with 
lights on from 8 p.m. to 8 a.m. Tests were conducted after 
three weeks of habituation to these schedules. 

At 8 a.m. food was removed from the cages and at 9 a.m. 
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rectal temperature was determined using a rectal probe. 
Animals then received in random order saline, 2DG (200 
mg/kg) or 2DG (400 mg/kg) intraperitoneally. Tests were 
conducted with at least two day intersession intervals. Tem- 
perature was again measured at 10 a.m. before food was 
returned to the animal for a one hour feeding period on his 
usual food. At the end of the feeding period, temperature and 
food intake were measured. Water intake was determined 
every hour. Data were expressed as mean+SEM and paired 
and unpaired t-tests and Mann and Whitney U tests were 
employed to determine differences in means. Correlation 
coefficients (r) were determined between selected variables. 





RESULTS 


Food Intake 


Food intake was significantly increased by 2DG adminis- 
tration during both the day and night but did not differ be- 
tween the two doses given (Fig. 1). There were no diurnal 
differences in the food intake response to 2DG whether ex- 
pressed as either the absolute intake or the increment over 
baseline intake during saline treatment (Table 1). After saline 
injection, food intake was significantly larger at night than 
during the day (Table 1). 





Water Intake 





Water intake occurred predominently during the second 
hour after 2DG injection at the time of food intake (Table 1). 
During the daytime, water intake within this second hour 
was significantly increased by 2DG (Fig. 1). The higher dose 
of 2DG did not produce a further increase; instead, there was 
even a small decrease in water intake compared to that after 
the 200 mg/kg dose of 2DG (Fig. 1). At night there was no 
effect of 2DG on water intake at the lower dose (Fig. 1). In 
response to the 400 mg/kg dose of 2DG administered at night, 
there was almost a total suppression of water intake com- 
pared to that observed after saline or a 200 mg/kg dose (Fig. 
1) or to that found during the daytime (Table 1). 


Body Temperature 


There was no difference (¢=1.17, NS) in baseline values 
for the rectal temperature measured at the beginning of the 
experiment between the night (37.9°+0.2°C) and daytime 
(37.5°+0.2°C). Therefore, temperatures were expressed as 
changes from baseline values. One hour after 2DG injection 
there was a net decrease in body temperature both at night 
and during the day (Fig. 1). There was also a clear dose 
response effect. Furthermore the decrease was more accen- 
tuated at night (—2.5°+0.2°C) than during the day 
(—1.8°+0.2°C) at the higher dose of 2DG (Table 1 and Fig. 1). 
After 2DG injections, during the second hour in response to 
food intake, there was a net increase of body temperature in 
comparison to the first hour (data not shown). This increase 
was greater at night than during the day but the difference 
did not reach significance (Table 1). As a result of this in- 
crease, the differences in temperatures between the tempera- 
tures at the end of the experiment and the baseline tempera- 
tures were not different from 0 after saline or the lower dose 
of 2DG but were still negative after the higher dose. 


Correlations (Table 2) 


After saline injections, there was a significant correlation 
only at night between food and water intake during the sec- 
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TABLE | 


EFFECT OF SALINE OR 2DG (200 mg/kg or 400 mg/kg) ON FOOD INTAKE (EXPRESSED IN g 
ABOVE BASELINE INTAKE), WATER INTAKE IN THE FIRST HOUR (t,-t,) OR SECOND HOUR 
(t,-t,) AFTER INJECTION AND CHANGE IN TEMPERATURE OVER COMPARABLE TIME 
PERIODS AT NIGHT OR DURING THE DAY 





Dependent 
variable 


Time of 
injection 


Injection 


Saline 2DG/200 





Food intake Day 0.4 + 0.1 3.0 + 0.4 
(g) p<0.05 NS 
Night 2.4+ 0.9 4.6 + 0.7 


Food intake Day 
(g) above baseline 
Night 
Water intake Day 
ist hr (ml) 
Night 
Water intake Day 
2nd hr (ml) 
Night 
Temperature Day 
t,t, (°C) 
Night 
Temperature Day 
tt, CC) 
Night 


0.4 + 0.2 


2.6 + 0.3 
NS 
2.2 + 0.8 


1.6 + 0.6 
p<0.05 
0 


3.3 + 0.7 
NS 
3.0 + 0.6 


—0.9 + 0.2 
NS 
-—1.2 + 0.2 


0.6 + 0.1 
NS NS 
0.8 + 0.1 





Values are mean + SEM. Mann and Whitney U tests were performed. 


TABLE 2 


VALUES OF COEFFICIENTS OF CORRELATION ARE GIVEN FOR DEPENDENT VARIABLES MEASURED AT 
NIGHT AND DURING THE DAY AFTER SALINE OR 2DG (200 mg/kg OR 400 mg/kg) INJECTIONS 





Dependent 
variable 


Time of 
injection 


Saline 


Injection 


2DG/200 2DG/400 





Food intake Day 0.2 
x Water intake Night 
2nd hr 


Food intake Day 
x Temperature Night 
(t,—ty) 


Water intake 2nd hr Day 0.71 
x Temperature Night —0.11 
(t,-to) 


—0.14 
—0.45 


0.65 0.14 


0.87 (p<0.05) 0.37 0.11 


—0.79 (p<0.05) 
—0.46 


—0.59 
—0.39 


~0.75 (p<0.05) 
~0.33 


—0.75 (p<0.05) 
—0.31 





ond hour (r=0.87, p<0.05). This correlation did not remain 
significant under 2DG treatment conditions. 

By contrast, after saline injections there were no signifi- 
cant correlations between food intake and decrease in body 
temperature after the first hour at night and during the day. 
But a significant negative correlation was found at the lower 
dose of 2DG during the day. This was also the case during 
the same period and for the two doses of 2DG between water 
intake (2nd hour) and body temperature (first hour). 


DISCUSSION 
During both night and day, 2DG increases food intake at 


both dose levels, but the increase with the higher dose is not 
any greater than that seen with the lower dose. The fact that 
the feeding response is not dose related is consistent with 
previous reports [12,23]. There were no significant differ- 
ences in the effect on food intake of 2DG injected during 
night or day even though the food intake tended to be greater 
during the day when expressed as increment over baseline 
intake during saline treatment. This confirms previous 
studies [1,16] but is not in agreement with other reports 
showing a decrease in food intake at night after 2DG [12,17]. 
However, there are procedural differences between other 
studies and ours, involving dose, time of injection and length 
of time of food deprivation and food intake measurement 
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[12,17]. Booth [1] demonstrated that a short term delay in the 
presentation of the food induced a 30 minute suppression of 
2DG-stimulated food intake at night which may have been 
related to decreased gastric emptying and reduced absorp- 
tion of nutrients compared to that observed in the day. Thus, 
the length of time for food deprivation and the time of injec- 
tion could explain some of the discrepancies. 

Increases in water intake after 2DG-induced glucopriva- 
tion have been reported in rats [21] and in humans [25,29]. 
The present data obtained during the day and with a low dose 
of 2DG confirm these results. However, a higher dose not 
only fails to further increase water intake measured over two 
hours, but even markedly suppresses it during the night. 
Administration of 2DG during the day increases thirst in hu- 
mans [25,29]. We have also found that administration of 2DG 
at night decreases the latency to drink (a measure of thirst) in 
rats (Pénicaud and Thompson, unpublished data). This may 
support the fact that there is an increase in water intake after 
injection of 200 mg/kg of 2DG during the day. Why such an 
increase is not seen at night and after the higher dose of 2DG 
could be related to the observed decrease in rectal tempera- 
ture. It is possible that below a certain level of body tempera- 
ture, animals will not drink any more in order to prevent 
further hypothermia. 

Since water and food intake may affect one another as 
shown previously [10] and as supported by the correlation 
found between these two variables at night after saline injec- 
tion, the lack of further increments in food intake with ad- 
ministration of higher doses of 2DG could be related to the 
concomitant inhibition of water intake. This explanation is 
further supported by a recent report showing that rats de- 
prived of water fail to increase food intake during glucopri- 
vation induced by 2DG [27]. This is also supported by the 
loss of the correlation between food and water intake ob- 
served at night after 2DG injections. 

The decrease in rectal temperature seen in the present 
study confirms previous results showing a prolonged 
hypothermia when 2DG is injected either centrally in rats 
[22] or peripherally in rats and humans [6, 22, 26]. This de- 
crease is mainly of central origin [22] but in high concentra- 
tions 2DG may act directly on peripheral tissues to interfere 
with glucose metabolism and thermogenesis. 

Whether decreases in temperature after 2DG are due to 
impaired heat production or activation of a heat loss mech- 
anism is not well understood in animals. It has been shown 
that 2DG administration decreases heat production in rats 
and mice [18,19]. However, in humans 2DG infusions in- 
crease Oxygen consumption and activate heat loss mech- 
anisms such as sweating and vasodilation [26,28]. Further- 
more, a rectal temperature decrease after 2DG administra- 
tion in rats has recently been described and this occurs in 
spite of an increase in metabolic rate (Seaton, personal 
communication). In the absence of any measurements of 
heat production by indirect calorimetry, it is difficult to say 
which mechanism in rats is playing a role and whether there 
are differences between night and day in heat production and 
heat loss. However, it is possible that after decreased food 
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intake during the day, a state of relative depletion of energy 
stores exists [13]. If this is the case, the ability to raise core 
temperature to a predetermined set point by thermogenesis 
may be relatively compromised. During a short period of 
food deprivation at the beginning of the dark period, preven- 
tion of hypothermia may therefore be preferentially accom- 
plished by increased reliance on behavioral and physiolog- 
ical responses to conserve heat, i.e., to prevent heat loss 
since heat production mechanisms would be relatively 
quiescent. In support of this hypothesis, at the higher dose of 
2DG, there is a greater decrease in rectal temperature at the 
beginning of the night than at the beginning of the day, i.e., 
2DG-induced heat production may be more impaired at the 
beginning of the night than at the beginning of the day due to 
the relative lack of energy stores to support thermogenesis. 
Additional evidence for the primacy of the thermoregulatory 
response is that food intake is increased. Normally, in- 
creased food intake is accompanied by increased water in- 
take but in our experiments an actual suppression of water 
intake may have occurred to reduce heat loss at the begin- 
ning of the dark phase under maximal 2DG stimulation. 
Since the drinking water is at a lower temperature than the 
core temperature of the animal, direct cooling of the animal 
is possible and secondly, the process of ingesting water 
could account for additional heat loss by evaporative cooling 
from the tongue, mouth and face of the rat. An impairment in 
motor behavior due to 2DG cannot be totally ruled out by the 
data presented here. However, the decrease in water intake 
at the 400 mg/kg dose of 2DG is not likely to be explained by 
such a motor debilitation since feeding behavior remained 
intact although not increased over that observed at the 200 
mg/kg dose of 2DG. 

It has been reported that an increased environmental 
temperature decreases food intake in rats and men [2, 9, 23] 
and that there is some kind of relationship between body 
temperature control and food intake. The present study sup- 
ports in part this point of view. Below a certain level of 
temperature, rats reduce their drinking behavior and show 
an impaired feeding response to 2DG-induced glucoprivation 
perhaps in association with reduced hydration. This primacy 
of temperature regulation over mechanisms responsible for 
the control of food intake has been shown previously [23]. 
However, it seems reasonable to assume, in view of studies 
showing a rebound in water intake [21] and food intake 
[1,12], that this primacy is short lasting. One might predict 
that when body temperatures are above the level at which 
water intake is inhibited, animals would again demonstrate 
appropriate drinking and eating responses after 2DG admin- 
istration. Further studies need to be done in order to clarify 
these points. 
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MITTLEMAN, G. AND E. S. VALENSTEIN. Unilateral substantia nigra lesions and schedule-induced polydipsia. 
PHYSIOL BEHAV 36(3) 437-440, 1986.— The present experiment investigated the effects of unilateral 6-hydroxy- 
dopamine lesions of the substantia nigra (SN) on schedule-induced polydipsia (SIP). Lesions were made in either the 
*‘dominant”’ or ‘‘non-dominant’’ hemisphere as defined by an amphetamine rotation test. It was found that unilateral 
lesions of either the ‘‘dominant’’ or ‘‘non-dominant’’ SN significantly reduced SIP and also significantly impaired 
somatosensory responsiveness as indicated by the “‘tactile extinction test.’ Somatosensory neglect was significantly 


greater following a lesion in the *‘dominant’’ hemisphere than ‘‘non-dominant’’ hemisphere. 
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WHEN food deprived animals are given small amounts of 
food reward, intermittently, they consume excessive 
amounts of water and under some conditions may drink as 
much as half their body weight in 3 hours [5]. Excessive 
drinking under these conditions cannot be adequately ex- 
plained in terms of physiological homeostasis or as a result of 
the adventitious reinforcement of drinking by food reward 
[4, 5, 30]. Schedule-induced polydipsia (SIP) as well as other 
schedule-induced behaviors, including attack, wheel run- 
ning, pica eating, and air-licking occur when a strongly moti- 
vated appetitive behavior is interrupted or prevented and 
may be a laboratory analogue to the displacement behaviors 
described by ethologists [5]. It has been suggested that 
schedule-induced behaviors occur because the motivational 
excitement or activation that accompanies the delivery of a 
food reward, outlasts its consumption, and potentiates alterna- 
tive activities evoked by available environmental stimuli [ 13). 

The activational effect of a food reward in this situation 
has been compared to the behavioral activation produced by 
electrical stimulation of the lateral hypothalamus (ESLH) [3, 
27, 28, 29]. Indeed, the behaviors elicited by ESLH are strik- 
ingly similar to behavior that is schedule-induced and it has 
recently been demonstrated that animals which eat and drink 
during ESLH display the greatest amount of SIP [15]. That 
SIP- and ESLH-elicited ingestive behavior may be related to 
common mechanisms is supported by evidence that behav- 
iors evoked under both conditions depend on dopamine 
pathways [2, 17, 18, 19, 20, 21, 26, 27]. Most recently, it was 
demonstrated that unilateral 6-hydroxydopamine (6-OHDA) 
lesions of forebrain dopamine systems significantly at- 
tenuated ESLH-elicited eating and drinking [16]. The pur- 
pose of the current experiment was to determine the effects 
of unilateral substantia nigra lesions of either the ‘‘domi- 





nant’’ or ‘‘non-dominant’’ hemisphere on SIP and on 
somatosensory responsiveness. 


METHOD 
Subjects 


The subjects were 32 mature (356-468 g), male, Long 
Evans hooded rats (Simonsen Co., Gilroy, CA) housed in 
wire hanging cages with free access to food and water. The 
vivarium was temperature controlled and the animals were 
maintained on a 12-12 hr dark-light cycle. 


Pre-operative Testing 


Rats were tested for amphetamine-induced rotational be- 
havior to determine the striatum with greater dopamine ac- 
tivity [8]. It has previously been shown that the striatum 
contralateral to an animal’s preferred direction of rotation 
has higher dopamine levels and greater metabolic activity 
[7,9]. Rotational behavior was measured by automated 
spherical rotometers similar to those described by 
Greenstein and Glick [10]. 

Each rat was placed in the rotometer for a 15 minute 
habituation period and then injected with 1.2 mg/kg 
d-amphetamine sulfate (AMPH) dissolved in 0.9% saline. 
AMPH-induced rotational behavior was recorded for 60 
minutes. Based on the majority of full rotations (a rotation 
consists of 4, 90 degree turns in the same direction), the 
hemisphere contralateral to the preferred direction of rota- 
tion was designated the ‘‘dominant,’’ and the other the 
‘**non-dominant’’ hemisphere. Only rats that made at least 
70% of their total rotations in one direction (i.e., 70% domi- 
nant) and a minimum of 10 full rotations in that direction 
were used as subjects. 


'Requests for reprints should be addressed to Professor Elliot S. Valenstein. 








Lesion 


WATER CONSUMED (m1) 
DURING SIP 





| 
2 & 4.4 68 * & 
TEST DAYS 


FIG. 1. Mean (+S.E.M.) amount of water consumed in each 
schedule-induced polydipsia test in lesioned and control rats. The 
data from the animals with dominant and non-dominant hemisphere 
lesions did not differ and were, therefore, combined. 





One week after the AMPH-induced rotation test, rats 
were tested for asymmetry in sensorimotor responsiveness 
using the ‘‘tactile extinction test’’ described by Schallert e¢ 
al. [24]. A small piece of sticky tape (Pres-a-Ply Label, 
Dennison) was simultaneously placed on the radial aspect of 
the animal’s forepaws and the latency to remove each label 
was recorded. This test is analogous to the ‘simultaneous 
stimulation test’’ used clinically with patients recovering 
from brain damage [12,25]. 


Surgery 


The day after the ‘‘tactile extinction test’’ was adminis- 
tered, each rat was anaesthetized with Equithesin (Jensen- 
Salsbery, Kansas City, MO) and received a 25 mg/kg (IP) 
injection of desipramine [1]. Thirty minutes later a 30 gauge 
stainless steel infusion cannula was placed unilaterally into 
the zona compacta of the substantia nigra (coordinates: 5.0 
mm posterior to bregma; 2.0 mm lateral to the midsagittal 
suture; and 8.0 mm below the surface of the skull which was 
level between bregma and lambda). Destruction of dopamine 
neurons was accomplished by infusion of 6-hydroxydop- 
amine (6-OHDA; 8 yg/2 yl) dissolved in 0.9% saline with 
0.1% ascorbic acid, at a rate of 1 pl/min. Rats received a 
lesion in the ‘“‘dominant’’ (N=14) or ‘‘non-dominant”’ 
(N=11) hemisphere. Animals in the control group (N=7) 
were treated identically except an empty cannula was placed 
unilaterally into the substantia nigra. 


Post-operative Testing 


Ten days following surgery when all animals had surpass- 
ed their baseline weight, they were retested for sen- 
sorimotor responsiveness using the ‘‘tactile extinction test”’ 
as described above. Rats were then food deprived until they 
reached 85% of their baseline weight and given 10 daily tests 
for schedule-induced drinking in a 30x 3046 cm high Plexi- 
glas chamber. A food cup connected to a pellet dispenser 
was located in the center of one wall. A Plexiglas partition 
that protruded 7 cm into the center of the test chamber was 
located on each side of the food cup. A water filled Richter 
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FIG. 2. Results of the tactile extinction test administered before 
(baseline) and 10 days after a unilateral substantia nigra lesion. La- 
tency to remove the adhesive label from the radial aspect of the 
forelimb contralateral (open bar) and ipsilateral (striped bar) to a 
unilateral 6-OHDA lesion of the substantia nigra. *Significant at 
p<0.01 (paired f-test). 


tube with a photocell drinkometer was located 5 cm on each 
side of the food cup and the amount of water consumed was 
recorded at the end of each test session. The water con- 
sumed was recorded separately from the Richter tubes lo- 
cated on either side of the food cup. During the first four 
daily tests, a drinkometer was used to record the rate of 
licking water. A food pellet (P. J. Noyes, 75 mg) was auto- 
matically dispensed every 60 seconds of the 30 minute test, 
during which time behavior was continuously monitored on 
closed-circuit television. 


Neurochemical Methods 


Between 7 and 10 days after the completion of all behav- 
ioral testing, rats in the experimental and control groups 
were decapitated. The brain of each rat was rapidly removed 
[11] and placed in ice cold saline and prepared for assay of 
dopamine (DA) using a method modified from Felice et al. 
[6]. Tissue concentrations of DA were measured by high 
performance liquid chromotography with electrochemical 
detection (HPLC-EC). 


RESULTS 


The results clearly demonstrate that unilateral 6-OHDA 
lesions of the substantia nigra significantly attenuated the 
amount of schedule-induced drinking displayed (Fig. 1). Dur- 
ing SIP testing, lesioned rats drank significantly less water 
than animals in the control group (ANOVA: F(1,26)=8.59, 
p=0.0069). The difference in development of SIP across the 
10 test days is obvious in Fig. 1. Schedule-induced drinking 
increased at a significantly slower rate in lesioned rats 
(ANOVA: F(2,234)=6.01, p<0.001). Cumulative-pen re- 
cordings made on test days 5 and 10 indicated that for rats in 
both groups, drinking occurred predominantly in the time 
immediately after each pellet delivery, the normal temporal 
locus of most schedule-induced drinking [5]. There were no 
significant differences in the total amount of water consumed 
by rats lesioned in the ‘‘dominant’’ (x=47.4+11.7 ml) or 
**non-dominant’’ (x=36.4+7.8 ml) hemisphere and their re- 
sults are combined in Fig. 1. Moreover, there was no differ- 
ence in the amount of water consumed from either Richter 
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tube so these data were also combined. All rats in the 
lesioned as well as the control groups ate all of the pellets 
during the SIP tests immediately after they were dispensed. 
During the 7-10 days following completion of the SIP tests, 
when food and water were provided ad lib, animals in the 
lesioned and the control groups gained body weight at the 
same rate. 

The results of the first ‘‘tactile extinction test,’’ adminis- 
tered before the lesion, indicated that there was no differ- 
ence in the latency to remove tape from either forepaw be- 
tween the groups designated ‘‘control’’ and ‘‘lesion’’ (Fig. 
2). In comparison, at 10 days after surgery there was a signif- 
icant increase in the latency to remove tape from the con- 
tralateral forepaw of lesioned rats, t(22)=3.25, p<0.01. As 
expected, tape removal time in control animals did not in- 
crease following surgery, and actually decreased slightly, 
presumably due to learning. 

In agreement with a previous report [16,22], lesions of the 
**dominant’’ hemisphere were significantly more effective in 
producing changes in the latency scores in the “‘tactile ex- 
tinction test,’’ t(22)=2.19, p<0.05. Rats lesioned in the 
‘*‘dominant”’ hemisphere had a latency of 49.7 sec (+8.1) to 
remove tape placed on the contralateral forepaw while the 
latency of ‘‘non-dominant’’ lesioned rats was 24.5 sec 
(+5.1). Neither ‘‘dominant’’ nor ‘‘non-dominant”’ lesions al- 
tered the latency to remove the tape on the ipsilateral paw. 

Following unilateral 6-OHDA lesions of the substantia 
nigra, the biochemical analysis indicated that dopamine was 
depleted by 89% in the striatum and 61% in the nucleus ac- 
cumbens, compared to the non-lesioned side. There were no 
significant differences in DA depletion in rats lesioned in the 
**dominant’’ or *‘non-dominant’’ hemisphere. 


DISCUSSION 


The results of this experiment demonstrate that unilateral 
depletion of DA in the striatum and nucleus accumbens sig- 
nificantly reduced schedule-induced drinking although it ap- 
parently had no effect on ad lib eating or drinking. This find- 
ing extends previous reports concerning the effects of bilat- 
eral dopaminergic lesions in attenuating SIP [21,27]. 
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It seems unlikely that the reduction in schedule-induced 
drinking following unilateral lesions of the substantia nigra 
can be explained by any motor impairment. No motor im- 
pairment was observed and Robbins and Koob [21] reported 
that following bilateral lesions of the mesolimbic DA path- 
way, there was only a minimal reduction in lick-efficiency 
(licks/ml water consumed) observed and this was not suffi- 
cient to account for the reduction in SIP. In the current 
experiment, lick records obtained during the first 4 test days 
indicated that lesion and control animals did not differ sig- 
nificantly in the number of licks/ml water. It seems unlikely, 
therefore, that the attenuation in SIP following the unilateral 
lesions was due to an induced motor disability. 

There was no evidence that these unilateral lesions at- 
tenuated SIP by reducing the motivating aspects of food 
deprivation. As noted, all rats ate every food pellet almost 
immediately upon its delivery and lesioned animals actually 
spent more time in the vicinity of the food cup (x=5.54 
min/SIP test) than non-lesioned rats (4.57 min). In addition, 
all animals immediately ate the supplementary food placed in 
their home cages after each SIP test and they also drank the 
water. Thus, we found that the dramatic reduction in 
schedule-induced drinking was not paralleled by an effect on 
ad lib ingestive behavior. 

We believe the present results are best explained by the 
effect of the lesion in reducing either the level or duration of 
the activation that normally occurs following intermittent 
delivery of food to hungry animals. The drinking and also 
eating that is often evoked when animals are activated has 
been called ‘‘non-regulatory ingestive behavior’’ by the 
present authors [16]. A considerable amount of evidence is 
accumulating that this activation and ingestive behavior are 
regulated by forebrain dopamine systems. 
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RIOLOBOS, A. S. Differential effect of chemical lesion and electrocoagulation of the central amygdaloid nucleus on 
active avoidance responses. PHYSIOL BEHAV 36(3) 441-444, 1986.—The effect of lesions of the central amygdaloid 
nucleus on the acquisition of two way active avoidance responses was studied in Wistar male rats. Lesions were carried out 
by electrocoagulation or by local application of ibotenic acid, a neurotoxin that destroys neuronal cells without damaging 
fibres passing through the lesioned area. The results showed that both types of lesion lead to a deficit of active avoidance 
responses, but the impairment with respect to control group was significant only when the neurotoxin was applied. These 


results suggest that at least the neurons of the central amygdaloid nucleus could play some role for the organization of 


active avoidance behaviour. 
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THE role of the central amygdaloid nucleus in the acquisi- 
tion of avoidance responses is somehow controversial. 

Werka et al. [19] reported that after lesion of the central 
nucleus in rats, a deficit of one way active avoidance and an 
increase of activity in the open field were produced, suggest- 
ing that the lesion reduces fear in experimental animals. 
However, Grossman et al. [8] found earlier, also in rats, that 
the lesion of this amygdaloid nucleus facilitated the acquisi- 
tion of active avoidance behaviour, which would suggest an 
inhibitory role of the central nucleus upon this type of condi- 
tioning. 

In passive avoidance tests, Grossman et al. [8] and McIn- 
tyre et al. [14] found that lesion of the nucleus produced a 
marked deficit in the acquisition of conditioning, data which 
are contradictory with those reported earlier by Horvath 
[10]. Such discrepancies could perhaps be explained by the 
use of different species. 

A serious handicap concerning electrolytic or mechanical 
lesions is the destruction of passing fibres as well as of the 
intrinsic neuronal elements. This is specially important when 
the central amygdaloid nucleus, which is traversed by abun- 
dant extrinsic axons [15], is considered. The problem can be 
solved by using neurotoxins, like kainic or ibotenic acids 
(IBO), both of which seem to destroy the neuronal elements 
leaving intact the passing fibres [3, 7, 13, 18]. Up to the 
present time, it has been more frequent to use kainic acid to 
make subcortical lesions [4, 11, 17] although recently its re- 
liability in the production of restricted lesions has been 





questioned, since it produces neuronal lesions remote from 
the place of application [2, 21, 22]. IBO, besides sparing the 
passing fibres [7,18] is less toxic and produces more discrete 
lesions restricted to the site of application [1, 9, 12, 18]. 
The aim of this investigation was to produce selective 
lesions in the central amygdaloid nucleus both with IBO and 
electrocoagulation in order to compare their effects upon the 
acquisition of the two way active avoidance responses. 


METHOD 
Subjects 


Thirty one male Wistar rats weighing 250-310 g at the 
beginning of the experiment were used. They were divided at 
random into 3 groups (one control and two experimental 
groups): (1) groups with electrocoagulation (EG; n=11); (2) 
animals with lesion produced by IBO (IBOG; n= 10); (3) con- 
trol group (CG; n=10). The animals were individually 
housed with free access to food and water in a room with 
controlled temperature and natural light. 


General Procedure 


The subjects were handled for 3 minutes on each of 3 
consecutive days before surgery. After the operation they 
were handled again for 3 minutes on each of 8 consecutive 
days before the two way active avoidance training, which 
took place 20 days after surgery. 


‘Supported by Grant No. 347-81 from the Comisién Asesora de Investigacién Cientifica y Técnica. 





FIG. 1. Schematic representation of bilateral central amygdaloid 
nucleus lesions. The blank area shows the maximum extent of the 
lesion. The dark area represents the minimum extent of the lesion 
that was destroyed in all animals. Rostro-caudal coordinates are 
indicated in relation to bregma. abl: nucleus amygdaloideus basalis. 
al: nucleus amygdaloideus lateralis. ame: nucleus amygdaloideus 
medialis. icl: nucleus intercalatus. ot: optic tract. (See the Atlas of 
Pellegrino and Cushman [16]). 


Surgery 


The animals were operated under Equithesin anaesthesia 
(20 mg/kg, IP). Bilateral lesions were made following the 
stereotaxic coordinates of Pellegrino and Cushman [16], and 
using bregma as the zero point: A 0.0, L 4.4 and H 8.3. 
Electrocoagulation was carried out by passing 1.5 mA cur- 
rent for 8 seconds through a tungsten electrode, 400 yu in 
diameter, totally isolated with epoxylite except for the tip. 
Animals treated with IBO were given 0.1 ul of IBO solution 
(1 mg of IBO/100 ul of phosphate buffer solution 0.1 M, pH 
7.4). The IBO solution was applied through a microsyringe 
with a needle, 400 u in diameter, over 3 minutes. After finish- 
ing the injection, the needle remained in the brain for 5 
further minutes to reduce backflow of the solution along the 
tract of the injection. Of the 10 animals used as control sub- 
jects, 5 underwent the same operation, including the pene- 
tration of the electrode in the nucleus, as in the EG, but 
without passing current. The other 5 control animals were 
given 0.1 yl of vehicle solution (phosphate buffer solution) in 
the same experimental conditions as in the IBOG. 

No animal died during the surgical operation nor in the 
process of recovery. 


Two Way Avoidance 


A shuttle box of 50x25x28 cm was used. It was divided 
into two equal compartments by a barrier with a square 
shaped opening (10 10 cm). The front wall was transparent, 
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FIG. 2. Photomicrography of the lesion caused by electrocoagula- 
tion in the central amygdaloid nucleus. 


so that the behaviour of the animal could be observed. The 
floor consisted of electrifiable bars of 0.25 cm in diameter 
with 1.5 cm separation. There was a light bulb of 5 W on the 
posterior wall of each compartment. 

Each animal was trained in a single session as follows: it 
was placed in a compartment of a shuttle box and during the 
first 5 minutes its free activity (number of times the animal 
spontaneously passed from one compartment to the other) 
was recorded. After this period, light was presented for 10 
seconds. If no response was observed an electric shock of 
0.3 mA was applied during the last 2 seconds that the light 
was on. The session consisted of a total of 50 consecutive 
trials with 50 second intervals. The responses of active 
avoidance (change of compartment during the time the light 
was on, before the electric shock, whereupon the new trial 
was automatically initiated and the animals did not receive 
shock), of escape (change of compartment while receiving 
shock and shortening its duration) and the intertrial activity 
(number of times that the animal changed from one com- 
partment to the other in the intertrial interval) were com- 
puted. 

A two-way analysis of variance, ANOVA test, for un- 
equal number of subjects was used for the comparison 
among groups. When a significant main effect was revealed, 
individual comparisons between two means were evaluated 
with the Newman-Keuls test. 


Histology 


The animals were killed after the test with an overdose of 
anaesthetic and perfused with a physiological saline solution 
followed by 10% formaldehyde. Brains were removed, 
stored in the same formaldehyde solution, and then cut with 
a freezing microtome in 40 yw sections which were stained 
with cresyl violet. The microscopic images obtained in this 
way were transferred to standardized diagrams of the amyg- 
daloid complex. 


RESULTS 
Histology 


Those experimental animals which showed similar le- 
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FIG. 3. Photomicrography of the lesion produced with ibotenic acid 
in the central amygdaloid nucleus. Arrows indicate the borders of 
the lesion. 


sions, independently of the type, were selected for this 
study. One animal of the EG with a very large lesion was 
rejected as well as 3 of the IBOG because the lesions were 
considered inappropriate. Therefore, the treatment of the 
data obtained in the behavioural test was limited to 10 sub- 
jects for EG, to 7 for IBOG, and 10 for CG. 

In both experimental groups the size of the lesion was 
equivalent and comprised at least 75% of the central nucleus. 
In no case the lesion reached more than 30% of the adjacent 
area (lateral and medial nuclei) (Figs. 1, 2, and 3). 


Two Way Active Avoidance Behaviour 


Free activity before training. No significant difference 
was observed among 3 groups in the activity registered the 5 
minutes prior to training for active avoidance (CG, 
mean=11.9+3.6; EG=12.7+4.4; IBOG=12.0+1.9). 

Intertrial activity. There was no significant difference 
among the 3 groups in this parameter (CG, 
mean=30.5+ 10.5; EG=29.7+11.1; IBOG=25.1+12.1). 

Avoidance responses. Significant differences were ob- 
served among the 3 groups in the acquisition of active 
avoidance. Figure 4 shows the mean number of active 
avoidance responses performed during the 50 trials, showing 
the mean responses in 5 blocks of 10 trials each. Both exper- 
imental groups, EG and IBOG, showed a smaller number of 
active avoidance responses than the CG. IBOG had the 
worst performance. 

The ANOVA test revealed a significant group effect, 
F(2,24)=7.2, p<0.01, a _ significant trial effect, 
F(4,96)= 15.26, p<0.001, but no significant group x trial in- 
teraction. There was no significant group effect when EG 
was compared with CG, F(1,18)=3.84, or with IBOG, 
F(1,15)=0.69. However, the IBOG showed a significant 
difference from CG, F(1,15)=11.29, p<0.005. Further 
Newman-Keuls test comparisons between groups at individ- 
ual blocks confirmed that there was no significant differ- 
ences between EG and CG and between EG and IBOG (ex- 
cept in the third block, p<0.05). However, IBOG differed 
from CG in the second, third, fourth (p<0.05) and fifth 
(p <0.01) blocks. 

The smaller number of active avoidance responses in the 
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FIG. 4. Mean number of shocks avoided in the two way active 
avoidance test in blocks of 10 trials each. CG: means obtained in the 
control group. EG: means obtained in the group with lesion 
produced by electrocoagulation. IBOG: means obtained in the group 
with lesion produced by ibotenic acid. 


experimental animals was not due to freezing behaviour, 
since this behaviour was not present in any of them. Nor 
were they less active in the shuttle box than the control 
animals, since computing the free activity previous to train- 
ing as well as in the intertrial activity, the 3 groups appeared 
to be similar. Neither was it due to the fact that the experi- 
mental animals were insensitive to the electric shock, since, 
with the intensity used (0.3 mA), the experimental animals 
showed motor responses similar to those of the control 
animals as well as a great number of escape responses (CG, 
mean=22.8+8.1; EG=29.0+9.2; IBOG=35.4+7.5). 


DISCUSSION 


These results suggest that the bilateral lesion of the cen- 
tral amygdaloid nucleus leads to a deficit in the acquisition of 
active avoidance responding. This deficit cannot be attrib- 
uted to changes of activity in the shuttle box, to appearance 
of freezing responses or to inability of the animals to show 
escape responses. The analysis of results shows a gradual 
change in the effect depending upon the type of lesion since 
the group treated with IBO showed significant differences 
with CG, while the EG showed no significant differences 
with either the CG or the IBOG. The difference in the effect 
caused by both types of lesion, with respect to CG, might be 
due to the fact that while the passing fibres are destroyed by 
electrocoagulation they remained intact with IBO [7,18]. 
However, the lack of significant differences between the two 
experimental groups suggests that at least the integrity of the 
neurons of the central amygdaloid nucleus is essential for 
this type of behaviour. 

Werka e? al. [19,20], after making electrolytic lesion of 
the central amygdaloid nucleus, found a deficit in the acqui- 
sition of active avoidance responses in different paradigms. 
Werka and Zielinski [20] stated that the effect was due to the 
destruction of the nucleus and not to the destruction of pass- 
ing fibres, since the lesions they made did not affect the 
whole nucleus and preserved fibres coming from the basolat- 
eral amygdala. They suggested that the central amygdaloid 
nucleus lesion leads to a reduction of fear. 

On the other hand, Fonberg has shown that the fibres 
coming from the basolateral part of amygdala crossing the 
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central nucleus could play a relevant role in the motivation 
for fear because its destruction led to an increase of fear in 
experimental animals [5] and the stimulation of the basolat- 
eral part of amygdala could inhibit fear reactions [6]. The 
lesions by electrocoagulation made in the present experi- 
ment are relatively small, although they probably destroy 
some of the fibres that cross the central to and from the 
lateral and basolateral nuclei of amygdala [15]. However, it 
appears that in this case, the damage to fibres of passage is 
an unimportant factor since the animals with electrocoagula- 
tion showed a smaller deficit but there was no clear differ- 
ences in the effect of the two types of lesions. 

The present results would be consistent with the hypoth- 
esis suggested by Werka et al. [19,20] and would suggest that 
the neurons of the central amygdaloid nucleus increases the 
motivation for fear. However, other hypothesis could also 
explain its e.g., alteration in detection of cues involved in 
avoidance learning or changes in the attention level. 

The present results are not in agreement with those of 
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Grossman et al. [8], who found that the electrolytic lesion of 
the central nucleus produced a facilitation in the acquisition 
of two way active avoidance responses. Their experiments 
suggested that this nucleus or the passing fibres exert an 
inhibitory effect on the active avoidance of the rats. Perhaps 
the differences between the present results and theirs could 
be explained as due to the differences in the behavioural 
situations used, the strain used, and possibly to the damage 
caused to adjacent structures. 

In conclusion, the lesion of the central amygdaloid nu- 
cleus leads to a deficit in the active avoidance responses, but 
the difference with respect to control animals was significant 
only in the case of the lesion by application of IBO. How- 
ever, there was a lack of significant differences between the 
two experimental groups. Only if significant differences 
would be established between the effect of the two types of 
lesion would it be possible to decide the role played by the 
intrinsic elements of the central amygdaloid nucleus and by 
the fibres of passage. 
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AREES, E. A. Absence of light response in eyeless planaria. PHYSIOL BEHAV 36(3) 445-449, 1986.—Planaria Dugesia 
dorotocephala were bilaterally enucleated, decapitated caudal to the auricles, or sectioned at the level of the pharynx. 
None of these worms either altered or elicited any movement responses to stimulation by horizontal or overhead light even 
though they made such responses to mechanical stimulation. By comparison, all intact planaria responded vigorously to 
light stimulation but not to an elevation of water temperature. These results suggest that light receptors in these planaria 
might have evolved away from the body surface and are located in the ocelli. 
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Evolution 





RELATIVELY little information is known on the evolve- 
ment of the eye from the simple receptor found scattered in 
the body wall of the hydra and sea anemone [1] to the com- 
pound eye of the vertebrate. The formation of a bilateral 
depression in the head end of an organism, in which the 
simplest eyes first developed, occurred with the evolvement 
of the flatworm [6]. However, the evolutionary period, in 
which other photoreceptors on the body surface have disap- 
peared, has not been firmly established. The purpose of this 
study was to determine if such photoreceptors exist on the 
body surface of planaria as measured by a negative photo- 
taxic response. 

Studies, dating from the latter part of the last century, 
have shown that the movement of planaria through water is 
altered by the sudden presentation of a light stimulus [2-5, 
7}. When stimulated directly with artificial light, planaria, 
with or without eyes and already in motion, altered their 
path in a water-filled petri-style dish. This response occurred 
even if the worms were moving away from the light source 
when it was initially presented [5], although negative photo- 
taxic responses in eyeless planaria were made at a signifi- 
cantly slower rate and with less precision than those made by 
intact worms [5,7]. These results suggest that there are 
photoreceptors other than the cephalic ocelli which, when 
stimulated by artificial light, also alter the movement of 
worms away from the light source. However, the location or 
mechanism of action of such receptors has not yet been 
identified. 

In our laboratory, similar experiments did not produce a 
negative phototaxic response in eyeless planaria. Further, 
direct light stimulation did not elicit any movement response 
in stationary, eyeless planaria, although these worms were 
able to respond to mechanical stimulation in a similar but 
somewhat slower manner than intact planaria. 


METHOD 
Animals 


One hundred and forty planaria, Dugesia dorotocephala, 


purchased from the Connecticut Biological Supply Co., were 
tested. They were housed in plastic petri dishes 85 mm dia., 
10 mm deep, in dechlorinated water 17+2°C, 10 planaria to 
each dish. They were fed raw liver 48 hours before the start 
of the experiment. 


Procedure 


The planaria were divided into four groups: (1) a control, 
intact group (N=30); (2) a bilaterally enucleated group (Fig. 
1 A, N=30). Here, the planaria were temporarily im- 
mobilized by placing them in carbonated water [7] and a No. 
11, surgical stainless steel scalpel was used to remove the 
ocelli receptors. The lesion was made at an angle so as to 
minimize damage to nerve cells just ventral to the receptors; 
(3) a group (N=40) decapitated just caudal to the auricles 
(Fig. 1 B); (4) a group (N=40) sectioned transversely at the 
level of the pharynx. All worms in the experimental groups 
were lesioned approximately 24 hours prior to their first day 
of testing. 

The light stimulus came from two sources. The first was 
generalized, horizontal light from a 60 W incandescent bulb 
located 25 cm from the center of the petri dish. This gener- 
ated 70.3 ft 1 of illumination on the water surface as meas- 
ured with a Macbeth illuminometer. The second was a 
hand-held, overhead 3 V penlight which produced a concen- 
trated beam approximately 2 cm in diameter of 135.2 ft 1. 

Between test sessions the petri dishes were kept under a 
black oil cloth and presented one at a time for testing. The 
tests were conducted in a darkened room which was indi- 
rectly illuminated by stray light from an adjoining room. To 
minimize any effects of stray or reflected light each petri dish 
was kept on a black cardboard dull-finished surface, during 
testing. 

The first experiment was designed similar to an earlier 
study [5]. Ten worms from each of the four groups were 
tested individually, one trial a day for four consecutive days, 
in petri dishes identical to the holding dishes. Each worm 
was transferred by a plastic dropper to the center of the test 





FIG. 1. Lesioned worms, bilaterally enucleated (A) or just caudal to 
the auricles (B). In (B), the lesion was made three days before 
photograph. Notice the start of regeneration. Magnification 32x. 


dish. When intact worms are transferred from one holding 
dish to another, they always move through the water until 
they reach the circumference where they generally direct 
their dorsal surfaces towards its center. Thus, the time and 
path taken to traverse the water became appropriate de- 
pendent measures. 

After each worm was transferred, a_ translucent 
protractor, 10 cm dia., was placed on the rim of the test dish, 
with its center directly over the worm. Each planarian took a 
few seconds to orient itself before it started to move through 
the water. At this moment, the horizontal light was pre- 
sented, in random order, either, from the 0° or 180° positions. 
The time taken to cross the water was noted and a verbal 
recording was made during each trial of the path taken by the 
worm until it reached the circumference. After each trial, the 
tape was replayed and the path diagrammed onto recording 
paper. Prior to obtaining these data, an identical control 
study was done without light stimulation, in which 8 ran- 
domly selected worms from each of the four groups were 
tested, one trial per day for two successive days. 

In the next experiment, the horizontal light stimulus was 
presented to stationary planaria from the four groups for five 
two-minute test trials with two min intertrial intervals each 
day for five consecutive days. They were tested in the hold- 
ing dishes and all worms showed no movement prior to the 
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FIG. 2. Trajectory of intact worms on 4 trials without direct light 
stimulation in an almost straight-line (A) or erratic (B—D) trajectories 
(T=Trial, Time in parentheses). Changes in direction sharpened for 
illustration. 





FIG. 3. Number of lesioned worms stopping in each quadrant before 
reaching circumference after being transferred to test dish without 
direct light stimulation. 


presentation of the light stimulus. The worms were observed 
visually through a handheld 5x magnifying glass. After each 
trial each petri dish was rotated 180° to gather most of the 
intact worms on the side nearest the horizontal light source 
for the following trial. For control, a 180° rotation was also 
done for planaria in the three experimental groups. 

Each day, following exposure to the horizontal light 
stimulus, three planaria were randomly selected from each of 
the 10 petri dishes and presented the overhead light stimulus 
for 1 min. The 2-cm wide beam was large enought to shine 
over the entire dorsal surface of each worm. Again, the 
planaria showed no movement prior to being tested. 

Water temperatures were recorded three times daily dur- 
ing testing; just prior to Trial 1 and during Trial 5 in 
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160 
LIGHT 
FIG. 4. Trajectory of intact worms on 2 trials with direct light stimu- 
lation, (A) direct movement away from light, (B) initial movement 
towards light, then abrupt turning away. 


horizontal-light exposure, and during the 60-sec overhead 
exposure. To determine if any movements were being made 
to increases in water temperature instead of to the light 
stimulus, a household clothes iron was used to raise the 
water temperature 2°C, following which the worms were ob- 
served for | min. 

Finally, to insure that the surgery did not interfere with 
the motility of the planaria in the experimental groups, 5 
randomly-selected worms from each of Groups 2, 3, and 4 
were transferred to other petri dishes on Days 1, 3 and 5. A 
glass rod provided mechanical stimulation and all movement 
responses were noted through a stereomicroscope. 


RESULTS 


Without direct light stimulation, the eight intact worms, 
after being transferred to test dishes, continuously moved 
through the water in an apparent random manner until they 
reached the circumference. On only 3 of the 16 total trials, 
over 2 days, the trajectory was almost a straight line (mean 
time 22.7 sec; Fig. 2 A) while on the other 13 trials, their 
movement was in a pronounced erratic manner (mean time 
85.4 sec; Fig. 2 B-D). Of the 48 total trials for the three 
experimental groups without direct light stimulation, worms 
on only five trials (all from the bilaterally enucleated group) 
reached the circumference of the test dish before stopping. 
On all other trials, planaria moved a mean distance of 29.5 
mm from the center, before stopping. If a worm did not show 
any movement after 2 min, the trial was considered complet- 
ed. The final locations appeared randomly selected (Fig. 3). 

Following light stimulation, the 10 intact worms on each 
of the four test days came to rest at a site opposite the direct 
light source. Worms on 36 of the 40 total test trials showed 
an immediate orientation and movement away from the light 
(Fig. 4 A). Their trajectory was relatively direct, deviating 
no more than +15° to their ultimate destination (mean time 
26.0 sec). On the four remaining trials, the worms started in 
the direction of the horizontal light for a distance no longer 
than 15 mm, then abruptly turned and moved away from the 
stimulus (Fig. 4B). The mean time here was 30.2 sec. 

Under direct horizontal light exposure, lesioned planaria 
on only 28 of 120 total trials reached the circumference. This 
is detailed in Table 1. On the remaining 92 trials, the planaria 
stopped before reaching the circumference of the test dish. 
The mean distance travelled was 24.0 mm and 2 min after a 
worm stopped moving the light stimulus was turned off. On 


TABLE 1 
EXPERIMENTAL GROUPS 





Lesion Lesion 
Bilaterally at at 
enucleated auricles pharynx 





Circumference 


Mean time 
(4 days, sec) 





Number of planaria already in motion when stimulated by light 
and reaching circumference. (Total possible: 20/group/2-day period.) 


FIG. 5. Photograph of three intact planaria moving away from the 
horizontal light stimulus. Two side lights were turned on just prior to 
taking the picture, hence the double shadows. Magnification 10x. 


37 of these trials worms were found, 24 hours later, in ap- 
proximately the same location at which they initially came to 
rest. In all trials, the direction of movement was independent 
of the location of the light source and resembled that taken 
by lesioned worms which weren't directly stimulated 
(Fig. 3). The number of trials on Days | and 2 on which 
worms moved to the circumference was compared for the 
three experimental groups with and without light stimula- 
tion. Three chi square tests showed that the movement of 
worms to the circumference was independent of the light 
conditions for each experimental group. In 92 of 120 total 
trials for the three lesioned groups, the planaria, while mov- 
ing and being stimulated by horizontal light, stopped before 
reaching the circumference of the test dish. 

When stimulated with horizontal light the control station- 
ary planaria elicited three distinct responses. Over the 25 
total trials, 63% of the worms moved to the side opposite the 
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light source in an approximate straight-line manner (Fig. 5) 
similar to the control planaria in the previous experiment. 
Other planaria (27%) remained relatively still but bent the 
upper segment of their bodies so that the ocelli were oriented 
away from the light. The remaining 10% actually moved 
towards the light, pausing several times to orient their ocelli 
away from the stimulus. At the end of each trial most 
planaria had gathered on the side opposite the horizontal 
light source, thus necessitating the rotation of the dish 180° 
during the intertrial interval. With no obvious exceptions, 
there was a movement response to the horizontal light 
stimulus by each intact planaria on each test trial. Under the 
concentrated, overhead light stimulus the six randomly- 
selected intact worms responded by moving continuously in 
the water during the 1l-min exposure period. Their move- 
ments continued for about 15 sec after the stimulus ended. 

With two exceptions on the first test day, the 80 worms in 
the three experimental groups responded in uniform manner. 
Under horizontal light, no movement responses were made 
by any worms on any of the 25 test trials. Under overhead 
light, all but two planaria did not respond on any test trial. 
Fifteen seconds after the stimulus onset, one worm from 
Group 2 moved 20 mm, almost in a straight line, then 
stopped. Thirteen seconds after the stimulus was presented 
one worm from Group 3 moved in a circular pattern for 30 
sec. Neither planarian showed any further movement to the 
stimulus. 

Heat from the 60 W incandescent bulb did not measura- 
bly increase the water temperature during the test trials 
while the concentrated beam raised the temperature near the 
planaria being tested approximately 0.25°C. There were no 
perceptible movement responses made by any worms to the 
2°C increase in water temperature made by a household 
clothes iron, nor for at least 1 min after this temperature 
increase was reached. 

Lesioned planaria which were transferred to other petri 
dishes by a plastic dropped on Days 1, 3, and 5, and re- 
peatedly stimulated by a glass rod, moved from the center of 
the dish where they were released to the circumference, then 
positioned themselves as the intact worms did. Those 
lesioned planaria which weren’t stimulated after their release 
almost always stopped moving before reaching the circum- 
ference of the dish; their behavior very similar to those 
worms in the previous experiment. When rotated on their 
dorsal surface with a glass rod, the control planaria always 
righted themselves by twisting in a corkscrew manner. The 
lesioned worms righted themselves in one of three ways. 
About half of the total righting responses made over the 
three days was done in similar manner with the controls. 
Almost all other righting responses were done by planaria 
bending the anterior segment of their bodies out of the water, 
similar to a human doing a sit-up but continuing until the 
worm was oriented with its ventral side down. On occasion, 
a lesioned planarian would not right itself at the spot where it 
was rotated but moved very slowly, on the surface of the 
water, dorsal side down, until it reached the circumference 
of the petri dish. It then positioned itself like the other 
planaria. 


DISCUSSION 


Results of several studies have shown that planaria, al- 
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ready in motion, will alter their pattern of movement when 
stimulated by light [2-5, 7]. This change in behavior occurs 
in both intact and eyeless worms and is independent of the 
direction from which the light stimulus is presented. These 
results have led to the conclusion that, in addition to ocelli, 
there are other photoreceptors on the bodies of planaria, 
although their locations or mechanisms of action are not 
known. 

In our experiments, intact worms either moved away 
from the light or oriented their ocelli away from it. However, 
the movements made by lesioned worms, which were al- 
ready in motion when exposed to horizontal light, were very 
limited and did not correlate with the location of the light 
source. They were made in random directions away from the 
center of the test dish. Also, movements made by such 
worms lacked consistency and uniformity, were quite slug- 
gish, and did not display the smooth, rhythmic manner in 
gliding through the water as did the intact worms. Only 
movements by the bilaterally enucleated planaria resembled 
the undulate patterns of intact worms, yet these planaria also 
did not move in a direction away from the light source. 

These results are in sharp contrast to those previously 
reported [5,7], yet widely accepted. Since physical proper- 
ties of the sources of light between studies might be quite 
different, e.g., a Welsbach burner [5] and a 60 W incandes- 
cent bulb, these studies may not be directly comparable. Yet 
it is difficult to attribute all the discrepancies in results only to 
the physical differences in the experimental conditions, espe- 
cially since the movement patterns of most lesioned worms in 
our study were so dramatically different from those made by 
similarly-lesioned planaria in earlier experiments [5,7]. 

In addition to determining the effects of light stimulation 
on an Ongoing movement response, we also examined its 
effects on stationary planaria. Here, the results appear un- 
equivocal. A light stimulus presented to stationary, intact 
planaria consistently elicited one of several movement re- 
sponses, but always so that the ocelli were directed away 
from the light source. Identical stimulation to eyeless 
planaria did not generate any movement responses. In addi- 
tion, intact and lesioned planaria do not respond to a 2°C 
elevation of water temperature, a significantly greater in- 
crease than that generated by the two incandescent sources. 
This suggests that all movements made by the control worms 
following light stimulation are due to light rather than to the 
detection of any increases in either water or body tempera- 
ture. Finally, the surgical procedures done on planaria do not 
dramatically alter a worm’s ability to make movement re- 
sponses, following mechanical stimulation. 

From an evolutionary position, since the flatworm is 
credited to be the first organism to have its eyes located 
bilaterally in its anterior end [6], it might also be the first 
organism to have eliminated receptors to visible light from 
the rest of its body. However, our results do not exclude the 
possibilities that light receptors still exist in the body surface 
of planaria which might elicit or alter motor responses fol- 
lowing stimulation to specific wavelengths other than those 
used in our experiment. Also, if such receptors still exist, 
they might elicit responses other than changes in motor 
activity—such as an alteration of electrical activity, as oc- 
curs on the body surface of the hydra following its exposure 


to light [6]. 
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MOORE, C. L. Sex differences in self-grooming of rats: Effects of gonadal hormones and context. PHYSIOL BEHAV 
36(3) 451-455, 1986.—When prepubescent males and females were placed alone in a novel cage, males were found to groom 
their genitals, but not other body regions, more than females. This sex difference was present in untreated and in 
testosterone-treated gonadectomized rats as well as in intact rats. Neither the presence of gonads nor testosterone treat- 
ment affected grooming in this context. However, when similarly treated rats of the same age were observed in groups in 
the home cage, no sex difference in genital grooming of intact or gonadectomized rats was found. Testosterone significantly 
increased nongenital grooming in both sexes and genital grooming in males. Thus, both the presence of sex differences and 
the effects of testosterone on self-grooming depend on the behavioral context. 
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WHEN rats of varying ages are allowed to behave in undis- 
trubed groups, males perform significantly more genital 
self-grooming than females [9,11]. Grooming provides a reli- 
able source of self-produced stimulation for developing rats, 
and the relatively high levels observed in prepubescent 
males apparently contribute to the growth of accessory sex 
organs associated with puberty [11]. The sex difference in 
self-grooming observed as part of the ongoing behavior of 
socially housed rats may be accounted for by differences in 
gonadal hormones available during peripubertal periods. 
Gonadectomy at 30 days both decreased genital grooming 
and eliminated sex differences, and testosterone replace- 
ment increased genital grooming in both males and females 
tested in undisturbed social groups when they were 40-55 
days old [9]. 

Although grooming is a relatively frequent event in a rat’s 
daily activities [3], it is more reliably observed when rats are 
placed alone into a novel environment [4,6]. However, male 
and female rats are often reported to respond differently to 
novel environments (e.g., [2]). Females, for example, are 
more likely to explore. Therefore, sex differences in the 
self-grooming of intact, gonadectomized, and testosterone- 
treated rats placed alone in a novel environment were 
studied. These differences were compared with those ob- 
tained from rats left in groups in their home cage. It is re- 
ported that sex differences and responses to hormone treat- 
ment vary with the situation, and that a difference in avail- 
able testosterone does not account for sex differences in 
grooming in all contexts. 


EXPERIMENT 1: GROOMING IN PREPUBESCENT 
MALES AND FEMALES IN A NOVEL ENVIRONMENT 


Sex differences in behavioral patterns may be accounted 
for by differences in concurrent gonadal hormones, by 
differences in perinatal hormones, or jointly by these two 


hormonal sources of differences [2,5]. Previous work has 
established a sex difference in the self-grooming of undis- 
turbed, socially housed, intact, peripubertal rats [9]. 
Gonadectomy eliminated the difference and testosterone 
treatment increased genital grooming in both males and 
females; the only sex difference in response to testosterone 
treatment was a somewhat greater response of females to 
one dose level [9]. Since being placed in a novel environment 
elicits self-grooming in rats [4], the present study was de- 
signed to determine whether self-grooming is elicited differ- 
entially in males and females by this treatment and, if so, 
whether this difference, like the difference in spontaneous 
grooming, can be accounted for by differences in concurrent 
gonadal hormones. 


METHOD 
Subjects 


Thirty-six male and 36 female Long-Evans rats were 
used. They were reared in mixed-sex litters culled to six 
pups several hours after birth on the day in which pups were 
found at a daily morning check (Day 1). Housing was stand- 
ard plastic maternity cages, and water and a high protein 
laboratory chow were continuously available. The colony 
room was kept on a 12:12 hr light/dark cycle, with lights off 
at 1100 hr. Weaning occurred on Day 25, after which the 
animals were housed in plastic cages in groups of three 
same-sex siblings. 


Procedure 


Sibling groups of males and females were randomly as- 
signed to one of three treatments: sham gonadectomy, 
gonadectomy plus an empty silastic capsule, or gonadec- 
tomy plus a testosterone-filled silastic capsule. The silastic 
capsules were 10 mm long with 0.32 cm outer diameter. The 





TABLE 1 


MEANS AND STANDARD ERRORS OF DURATION IN SECONDS OF 
GENITAL AND NON-GENITAL SELF-GROOMING FOR JUVENILES 
OBSERVED IN A NOVEL CAGE 


TABLE 2 


MEANS AND STANDARD ERRORS OF DURATION IN SECONDS OF 
GENITAL AND NON-GENITAL SELF-GROOMING FOR ADULTS 
OBSERVED IN A NOVEL CAGE 





Week 1 Week 2 Week 3 


Week 1 Week 2 Week 3 





Genital Grooming 


Sham Gonadectomy 


Males 1.1 0.7 E22. 52 19.1 3.0 


Females as i464 14+ 1.4 o.8 5.8 


Gonadectomy/Empty Capsule 
Males 19.6 + 13.5 26.1 + 17.7 
Females 0.4+ 0.2 1.9 1.4 


39.5 + 30.9 
iz+ @7 


Gonadectomy/Testosterone 
Males 11.6+ 9.7 
Females 8.6+ 4.0 


15.4 + 13.6 
56+ 4.8 


23.8 + 18.3 
40+ 2.7 


Non-Genital Grooming 


Sham Gonadectomy 
Males 
Females 


82.3 + 23.0 
125.4 + 34.7 


107.9 + 23.2 
97.0 + 42.4 


207.7 + 32.0 
93.8 + 20.8 


Gonadectomy/Empty Capsule 
Males 131.6 + 35.4 99.3 + 25.4 
Females 92.2 + 34.3 99.3 + 44.8 


180.4 + 26.7 
175.0 + 26.5 


Gonadectomy/Testosterone 
Males 69.8 + 13.4 38.7 + 10.8 
Females 141.0 + 51.1 78.1 + 38.7 


83.4 + 37.8 
133.3 + 46.0 


Genital Grooming 


Sham Gonadectomy 
Males 
Females 


$42 3.2 
49+ 1.8 


15.2+ 8.5 
na tA 


Gonadectomy/Empty Capsule 
Males 92+ 3.6 
Females 3.6+ 1.0 


26.7 + 17.5 
3.4+ 1.6 


Gonadectomy/Testosterone 
Males met 57 
Females 8.6+ 6.4 


19.2 + 14.3 
iS 2 33 


Non-Genital Grooming 


Sham Gonadectomy 
Males 
Females 


62.5 + 25.1 
98.7 + 39.9 


75.2 + 18.6 
59.5 + 13.1 


79.2 + 19.1 
61.8 + 15.9 
Gonadectomy/Empty Capsule 


Males 66.5 + 19.2 
Females 65.4 + 20.2 


67.0 + 15.1 
87.8 + 20.8 


93.3 + 19.1 
79.2 + 26.5 


Gonadectomy/Testosterone 
Males 67.2 + 27.3 
Females 41.1 + 11.8 


81.7 + 15.3 
127.7 + 28.7 


68.8 + 13.7 
126.7 + 35.5 





capsules were placed under the dorsal neck skin, and the 
incision closed with a wound clip. Surgery and treatment 
were performed under deep ether anesthesia, and occurred 
on Day 25, the day of weaning. 

Grooming was observed in three successive weekly tests, 
beginning on Day 28. All observations occurred in a testing 
room adjoining the colony room during the early part of the 
daily dark period, with illumination provided by red lights 
suspended over the test arenas. The test arenas were 
27x48x20 cm polycarbonate cages with corncob bedding 
and wire tops. 

Each rat was placed individually into a test arena, thus 
beginning a 15 minute observation. Genital grooming and 
grooming of any other body region were separately re- 
corded, using a manually operated keyboard and an 
Esterline-Angus event recorder. Individuals were marked 
with colored felt-tipped pens, and were observed in a ran- 
dom order each day. 


Data Analysis 


The total duration of genital grooming and the total dura- 
tion of non-genital grooming during each of the three weeks 
of the study were the two dependent measures. Because 
three same-sex littermates were assigned to the same treat- 
ment condition, the mean of each of these littermate groups 
was used as the unit of analysis, thus providing four litter- 
mate means for each cell in the design. (One male in the 
sham-gonadectomy group died of undetermined causes 
midway through the study, and his data were discarded.) 


Three-way mixed ANOVAs were used, with treatments, 
sex, and weeks (a repeated measure) as the three variables. 


RESULTS AND DISCUSSION 


The results, summarized in Table 1, show that males per- 
formed significantly more genital grooming than females, 
F(1,18)=11.61, p<0.005. There was no effect of treatment, 
F(2,18)=1.37, nor was there an interaction of sex and treat- 
ment, F(2,18)=2.50, p>0.10. Genital grooming did not 
change significantly over the three weeks of the study, and 
there were no interactions of weeks with any other variable 
(all Fs<1.0). 

Grooming of non-genital body regions (Table 1) was not 
affected by sex, hormonal condition, or their interaction (all 
Fs<1.5). Non-genital grooming did increase during the three 
weeks of testing, F(2,36)=7.73, p<0.01, but there were no 
interactions of weeks with sex or treatment (all Fs<1.9). 
Post hoc analysis of means indicated that the rats groomed 
significantly more at 42 days of age than at either of the 
younger ages (Newman-Keuls, p<0.05). 

These results demonstrate a sex difference in genital 
self-grooming of prepubescent rats when grooming was 
measured after the animals were placed alone in a novel 
environment. This difference was independent of gonadal 
hormone status at the time of testing. Whether intact, 
gonadectomized, or gonadectomized and testosterone 
treated, males groomed their genitals, but not other body 
regions, significantly more than females. Experiment 2 was 
designed to determine whether the sex difference found in 
the first experiment remains in rats tested after puberty. 





CONTEXT AND SEX DIFFERENCES IN GROOMING 


TABLE 3 


MEANS AND STANDARD ERRORS OF DURATION IN SECONDS OF 
GENITAL AND NON-GENITAL SELF-GROOMING FOR SOCIALLY 
HOUSED JUVENILES 





Week 1 Week 2 Week 3 





Genital Grooming 


Sham Gonadectomy 
Males 
Females 


19.7 + 10.7 
12+ 0.5 


89+ 6.6 
26.6 + 17.8 


Gonadectomy/Empty Capsule 
Males a= 05 
Females 4.1+ 4.1 


94+ 4.1 


21.1 + 13.9 10.4+ 9.4 


Gonadectomy/Testosterone 
Males 210+ 9.6 
Females 76+ 3.6 


56.2 + 23.2 44.8 + 14.0 
6.7+ 4.4 5.32.5 


Non-Genital Grooming 


Sham Gonadectomy 
Males 
Females 


170.0 + 58.8 
169.3 + 55.7 


110.6 + 40.7 
49+ 48 


118.8 + 37.7 
26.6 + 17.8 


Gonadectomy/Empty Capsule 
Males 135.0 + 48.6 82.8 + 28.5 222.3 + 35.9 
Females 162.8 + 71.7 21.1 + 13.9 10.4 9.4 


Gonadectomy/Testosterone 
Males 154.4 + 28.4 
Females 164.0 + 23.4 


162.3 + 30.9 
144.0 + 51.7 


219.0 + 30.7 
144.6 + 61.4 





EXPERIMENT 2: GROOMING IN ADULT MALES AND 
FEMALES IN A NOVEL ENVIRONMENT 


One objective of this experiment was to determine 
whether postpubescent, like juvenile, males respond to being 
placed in a novel environment by grooming their genitals 
more than females. A second objective was to determine 
whether self-grooming of adults in this situation is affected 
by gonadal hormones. 


METHOD 


The animals and their rearing and the procedures were 
like those described for the first experiment, with the follow- 
ing exceptions. Thirty-six males and 36 females from 19 lit- 
ters were randomly assigned as individuals to treatment 
groups. Surgery and treatment occurred under sodium pen- 
tobarbital (Nembutal) anesthesia, supplemented when nec- 
essary with methoxyflurane (Penthrane) inhalent anesthesia. 
The rats were between 75 and 80 days of age when surgery 
occurred, with the three weekly observations beginning 
three days after surgery. 


RESULTS AND DISCUSSION 


Although the direction of the sex difference in genital 
grooming shown by adults in this study (Table 2) was consis- 
tent with that of juveniles, the difference was not significant, 
F(1,66)=3.45, p<0.07. As was found for juveniles in Exper- 
iment 1, there was no effect of treatment and no interactions 
of sex and treatment on genital grooming (Fs<1.0). The ef- 
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fect of weeks (repeated testing) in the adults was suggestive 
but not significant, F(2,132)=2.99, p<0.06, for the genital 
grooming measure, and there were not interactions of re- 
peated testing with sex, F(2,132)=2.37, p>0.05, or treatment 
(F<1.0) and no three-way interaction (F<1.0). 

There were no main effects (Fs<1.0) and there were no 
interactions (all two-ways, F<1.0; three-way, F(4,132)= 
2.37, p>0.05) for the non-genital grooming meas- 
ure (see Table 2). 

Thus, concurrent gonadal hormones did not affect the 
self-grooming shown by either adults (Experiment 2) or 
juveniles (Experiment 1) in response to being placed alone in 
a different environment. The sex difference in genital groom- 
ing shown by juveniles in this context (Experiment 1) was 
less apparent in the similarly tested adults of Experiment 2. 
If the sex difference in grooming reflects differential re- 
sponse to novelty by the two sexes, the difference between 
the two age groups may be explained by a different in effec- 
tive novelty provided by the experimental procedure of plac- 
ing each animal in a different cage for testing. Before the 
start of the study, the older rats had more frequently experi- 
enced this event during routine cage cleaning, and it would 
therefore have been less novel to them and therefore less 
likely to elicit a sex difference in grooming than was the case 
for younger animals. 


EXPERIMENT 3: GROOMING IN JUVENILE MALES 
AND FEMALES TESTED WITH CAGEMATES IN THE 
HOME CAGE 


The first experiment provided evidence that sex differ- 
ences in the grooming performed by 28—42-day-old rats when 
alone in a novel environment are independent of concur- 
rently available gonadal hormones. However, in previous 
work with 40-55-day-old rats that were injected daily and 
observed in undisturbed social groups, testosterone was 
found to increase genital grooming in both sexes and to ac- 
count for the sex difference observed in intact males and 
females [9]. A third experiment was designed to determine 
whether testosterone would affect the self-grooming of 
juvenile rats of the same age and treated in the same manner 
as those in Experiment 1, but tested in familiar social groups 
in the home cage. A second objective was to determine 
whether the responses of the two sexes to treatment differed 
when tested in this context. 


METHOD 


The subjects were 36 male and 36 female rats that were 
reared, assigned to groups, and treated up to the time of 
testing in exactly the same manner as those in the first exper- 
iment. There were three treatment groups, sham- 
gonadectomized, gonadectomized with an empty silastic 
capsule, and gonadectomized with a testosterone capsule. 
Surgery and treatment occurred at 25 days of age, as de- 
scribed for Experiment 1. 

The animals were observed in the home cage, which was 
a 27x48x15 cm polycarbonate cage with wire top. Im- 
mediately before each 30 minute observation, the cage con- 
taining a group of three males or females was moved to an 
observation area from adjacent living quarters. Thus, the 
animals were mildly disturbed at the time of observation. 

The three siblings in a cage were color-marked and ob- 
served simultaneously. Dim white light was used as illumi- 
nation so as to distinguish the color marks. 
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The litter means of the duration of genital and non-genital 
grooming for each week of the study were the units of 
analysis, as described for Experiment |. 


RESULTS 


There was a significant main effect of treatment on genital 
grooming, F(2,18)=4.11, p<0.05, and a significant sex x 
treatment interaction, F(2,18)=5.04, p<0.025, but no signifi- 
cant main effect of sex, F(1,18)=2.46, p>0.10, on this meas- 
ure. The interaction was attributable to significantly higher 
levels of genital grooming in males that were treated with 
testosterone, compared with gonadectomized or sham-gon- 
adectomized males. The three female groups did not differ 
from one another. When the two sexes were compared 
within treatment, genital grooming was found to be signifi- 
cantly higher in testosterone-treated males, but there were 
no differences between gonadectomized or sham-gonadec- 
tomized males and females. (All post hoc tests were 
Newman-Keuls’ tests, a=0.05.) There was no effect of 
weeks, F(2,36)=1.56, and there were no interactions with 
the other variables (two-way Fs<1.0; three-way 
F(4,36)= 1.89) (see Table 3). 

When non-genital grooming (Table 3) was considered, 
significant main effects were found for both sex, 
F(1,18)=7.81, p<0.025, and treatment, F(2,18)=3.88, 
p<0.05, and there was no interaction (F<1.0). Males 
groomed more than females, and testosterone-treated rats 
groomed more than either gonadectomized or sham- 
gonadectomized rats. There was also a significant main ef- 
fect of weeks, F(2,36)=5.23, p<0.01, and a significant in- 
teraction of sex and weeks, F(2,36)=4.89, p<0.025, on this 
measure. Males groomed more than females in the second 
and third weeks (Newman-Keuls, p<0.05), but not in the 
first. Weeks of testing did not interact with treatment, 
F(4,36)= 1.70, nor was there a three-way interaction (F<1.0). 


GENERAL DISCUSSION 


There was a clear sex difference in the grooming of pre- 
pubescent rats placed alone in a novel environment, and this 
difference was independent of concurrent gonadal hormonal 
status (Experiment 1). Sex differences in play and explora- 
tory behavior of juvenile rats have also been reported to be 
independent of concurrent gonadal steroids [8, 12, 13]. Males 
have been reported to be more fearful and less exploratory 
than females when placed in a novel environment [2]. Expo- 
sure to a novel environment is mildly stressful or arousing in 
rats and leads to an increased level of self-grooming [4]. 
ACTH has been implicated as a mediator of increased 
grooming, and it has been suggested that self-grooming 
functions to cope with stress in this species [4,6]. Thus, the 
sex difference in grooming in response to novelty may reflect 
different levels of stress or arousal experienced by the two 
sexes upon being placed in a novel cage. It is interesting in 
this regard that the sex difference was not significant in older 
rats (Experiment 2), which had more frequently experienced 
placement in different cages and may have habituated to the 
stimulation [4], not was there a sex difference in gonadec- 
tomized rats that were not moved to a different cage (Exper- 
iment 3). 

Under the conditions of this study, the sex difference in 
grooming manifested in a novel environment was specific to 
genital grooming, with males grooming their genitals more 
than females and not differing from females in nongenital 
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grooming. Other studies have not looked separately at geni- 
tal grooming, so it is unknown whether this component of 
self-grooming is generally more sensitive than others to the 
hormonal or environmental treatments that increase self- 
grooming. 

Unlike grooming elicited by movement to a different 
cage, grooming performed in minimally disturbed social 
groups of 28—-42-day-olds was affected by testosterone (Ex- 
periment 3). Testosterone treatment, in this context, in- 
creased general body grooming in gonadectomized males 
and females and genital grooming in males, thus providing 
support for the hypothesis that rising levels of testosterone 
contribute to an increase in grooming by males as puberty 
approaches and to sex differences in this behavior [9,11]. 
The lack of differences between castrated and sham- 
castrated males on both grooming measures and between 
sham-gonadectomized males and females on genital groom- 
ing can be attributed to the relatively low levels of endoge- 
nous testosterone in males during this age period [7]. 

Two sex differences in grooming behavior while in undis- 
turbed social groups were noted: males performed more 
non-genital grooming than females, regardless of treatment, 
and the effect of testosterone on genital grooming was signif- 
icant for males, but not females. Both of these differences 
may be limited to the prepubescent age period, when inde- 
pendent grooming is relatively low, compared with adult 
levels, in both sexes [9,11]. Sex differences in non-genital 
grooming were not observed in two studies of older (peri- 
and post-pubescent) rats [9,11], and greater sensitivity of 
these males to testosterone was not detected [9]. 

One general conclusion that may be drawn from the data 
reported here is that developing males are more likely than 
females to groom their genitals. This difference perpetuates a 
sex difference in genital stimulation begun at birth by differ- 
ential maternal licking [10]. There are at least two mech- 
anisms to ensure differential self-grooming. One begins to, 
operate well in advance of puberty as a response to arousing 
or stressful environmental events, and it is not affected by 
concurrently available gonadal hormones. The other is 
testosterone-sensitive, and it normally begins to affect 
grooming when the testes of males become active during 
peripubertal periods. Genital self-grooming functions to 
promote some physiological changes associated with pu- 
berty in males [11], and the present data suggest that it may 
be worthwhile to investigate whether this behavior has par- 
ticular importance in the grooming that follows arousing or 
stressful stimulation [6]. 

Taken together, these studies demonstrate a strong effect 
of context on the expression of sex differences in self- 
grooming and on the role that testosterone plays in account- 
ing for the differences. A similar interaction of testosterone 
with behavioral context has been reported previously for 
aggressive behavior in rats [1]. The sex difference in genital 
grooming elicited by movement to a different cage was inde- 
pendent of concurrent testosterone and other gonadal hor- 
mones, while the sex difference in genital grooming per- 
formed in undisturbed social groups depended on the con- 
current presence of testosterone. Grooming, like other rela- 
tively discrete behavioral patterns, does not occur in isola- 
tion, and attention to the context in which the behavior oc- 
curs may provide useful explanations of group differences. If 
grooming performed after movement to a new cage varies 
with the degree of arousal, and if males, independent of con- 
current gonadal condition, are typically more aroused by 
novelty than females, the greater grooming of males in this 
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context may simply index their greater arousal level while 
alone in a new environment. Grooming in a social context, 
on the other hand, may be activated during the course of 
interactions among the animals in the group. The hormone- 
related sex differences in grooming in this context may sim- 
ply reflect differences in general activity level or differences 
in social behavior as a function of sex and concurrent hor- 
mone condition. Grooming need not be directly activated by 
testosterone. Instead, testosterone may increase the fre- 
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quency of certain interactions, during play for instance, that 
are likely to lead to self-grooming. 
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SPIVAK, K. J. AND Z. AMIT. Effects of pimozide on appetitive behavior and locomotor activity: Dissimilarity of effects 
when compared to extinction. PHYSIOL BEHAV 36(3) 457-463, 1986.—The effects of pimozide were examined in a 
runway paradigm using food reward. Rats received one of three doses of pimozide, vehicle or Ringer's prior to testing. Two 
additional groups received pimozide or vehicle after the test trial in the home cage. An extinction group received no food in 
the goal box on test days. Several components of running behavior were assessed as was food consumed in the goal box. 
Effects of pimozide on general locomotor activity were assessed in the open-field following the runway phase. Results of 
the runway indicated that pimozide-treated rats differed from the extinction group in latencies to leave the start box and 
enter the goal box. Pimozide-treated rats consumed less saccharin-flavored food than controls. The post-treatment 
pimozide group showed a reduction in saccharin-food intake suggesting a conditioned taste aversion. Thus, the reduction 
observed in the pretreated pimozide group may be due to some unconditioned aversion induced by the drug. Open-field 
revealed that pimozide resulted in lower activity than controls. This study indicates that the effects of pimozide on food 
reinforcement are not similar to the effects seen in extinction. These data are consistent with the hypothesis that the effects 
of pimozide, in this paradigm, constitute an interference with motor responses as opposed to an attenuation of reward 


properties of the stimuli. 
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PIMOZIDE, a specific postsynaptic dopamine (DA) receptor 
blocker, has been reported to reduce operant responding for 
food reinforcement in a manner that resembles the behav- 
ioral effects observed in animals exposed to a no reward 
condition (i.e., extinction) [16,17]. 

It has been suggested that ncuroleptics such as pimozide 
interfere with the activity of dopaminergic mechanisms in- 
volved in the mediation of reinforcement processes, and 
consequently attenuate or block the rewarding properties of 
primary reinforcers [5,16]. On the basis of this hypothesis, it 
has been argued that treatment with pimozide produces be- 
havioral consequences similar to those observed in extinc- 
tion by blocking the central mechanisms underlying reward 
[16,17]. 

Other reports, however, have suggested that the behav- 
ioral effects of pimozide may not exclusively reflect the 
blockade of central reward processes. More specifically, 
dopamine receptor blockers such as pimozide, have been 
reported to interfere with response initiation [4], response 
maintenance [2], and the organization of complex motor se- 





quences [10], as well as disruption of sensory-motor systems 
[7]. 

In addition, investigators have argued that the pattern of 
responding observed following treatment with dopamine re- 
ceptor blockers is not similar to that seen when food reward, 
for example, is terminated and extinction initiated [8, 12, 14]. 
Thus, it remained unclear whether pimozide specifically in- 
fluenced reinforcement processes as opposed to more gen- 
eral motoric effects. 

The present study was designed as a further investigation 
of this question through the use of the runway paradigm 
initially used by White, Sklar and Amit [15] to examine the 
positive reinforcing and aversive properties of morphine. In 
this study, animals were first trained for three days (one trial 
per day) to run to a goal box in order to receive plain mash. 
This was followed by a six-day testing phase, during which 
animals received mash flavored with saccharin followed by 
the administration of a morphine injection. This novel flavor 
was included to examine morphine’s ability to induce a con- 
ditioned taste aversion (CTA). The results indicated that 
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morphine-treated animals both ran faster and consumed less 
saccharin-flavored mash over test days, when compared to 
Ringer's controls. Thus, the runway appears to be a useful 
paradigm for the simultaneous observation of both the posi- 
tively reinforcing and aversive properties of drugs. 
Moreover, given that this paradigm provides for several 
simultaneous measures (i.e., latency to leave the start box, 
net running time down the alley, latency to enter the goal box 
and food consumption), it may be a particularly useful tool in 
examining effects of drugs on these various behaviors. 

The present study used the runway paradigm to examine 
the effects of pimozide on food reinforced behavior, and 
specifically to evaluate the similarity of responding of 
pimozide-treated rats as compared to those animals in which 
food-reinforcement was withheld (i.e., extinction). It was 
hypothesized that if pimozide reduces the rewarding proper- 
ties of food (inferred from a reduction in food intake) then 
the running behavior of pimozide-treated rats should be simi- 
lar to that observed in animals receiving no food reward. 
Furthermore, running behavior was subdivided to several 
components in order to examine possible differential effects 
of pimozide on various aspects of food-reinforced behavior 
as observed in this paradigm. 

In addition to addressing the question of pimozide’s ef- 
fects on food reinforced behavior by the examination of 
running behavior, the possible aversive properties of 
pimozide were assessed through the use of the CTA proce- 
dure. During the testing phase, animals were presented with 
a novel saccharin-flavored mash as opposed to plain mash. It 
was hoped that this measure, when coupled with running 
behavior data, would provide further information concerning 
pimozide’s effect on food reinforced behavior. 

Finally, in light of studies which have demonstrated 
pimozide’s ability to suppress locomotor activity [7,10], on 
the day following the completion of the runway experiment, 
the open field test was included as an additional index of 
locomotor activity. 


METHOD 


Subjects 


Subjects were 280 male Sprague-Dawley rats (Canadian 
Breeding Farms Ltd.), weighing 260-330 grams at the be- 
ginning of the experiment. All animals were individually 
housed in stainless steel cages. Animals were allowed free 
access to water throughout the experiment and to food only 
prior to the start of the experiment. The animal colony room 
was illuminated on a 12-hr day/night schedule. 


Apparatus 


A straight runway and open field chambers were used for 
the behavioral tests. The wooden runway was 19 cm wide 
with walls 29 cm high. It consisted of a start box, alley and 
goal box, which measured 19.3 cm, 181 cm, and 24 cm in 
length, respectively. Vertical-sliding doors separated the 
start box and goal box from the alley. The goal box and its 
sliding door could be detached from the runway and re- 
moved with an animal enclosed within it. 

A photoelectronic relay system was used to measure each 
animal’s performance. A photocell-timer circuit that was lo- 
cated 1 cm beyond the start box door and 1 cm before the 
goal box door, recorded latency to leave the start box and 
running time down the alley, respectively. A stop watch was 
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used to measure latency to enter the goal box after interrup- 
tion of the second photo beam. 

Locomotor activity was tested in square wooden open 
field chambers painted black, measuring 45.745.7 cm and 
39.4 cm high. A 40 watt bulb was suspended directly over 
each chamber. Two photocells were located on each side of 
the box 15 cm from the wall edge and 20 cm above the floor, 
dividing the floor into 9 equal squares. Locomotor activity 
was automatically recorded on counters connected to the 
intersecting photocell beams and was measured by the 
number of times the animals crossed the beams during a one 
hour testing session. 


Drugs and Injections 


Pimozide (Janssen Pharmaceutica) was dissolved at a 
concentration of 0.5 mg/ml in a 0.3% (w/v) tartaric acid (ta) 
solution. Pimozide doses and injection volumes were as fol- 
lows: 0.25 mg/kg in a 0.5 ml/kg volume, 0.5 mg/kg in a 1 
ml/kg volume and 1.0 mg/kg in a 2 ml/kg volume. Two tar- 
taric acid vehicle groups (1 ml/kg and 2 ml/kg) were included 
to control for injection volumes corresponding to 0.5 mg and 
1.0 mg/kg pimozide administration respectively. Ringer’s (2 
ml/kg) was used as the control drug for all groups. All drugs 
were administered intraperitoneally (IP). 


Procedure 


Food was removed from the home cage 24 hr prior to the 
start of the experiment. Beginning on Day 1, all animals 
received daily food supplements (standard laboratory chow) 
after each trial in the home cage. This was done in order to 
maintain the rats at 90% of their free feeding weight. On the 
first two days of the study, each animal was allowed to ex- 
plore the runway for 10 min and had free access to plain 
mash located in the goal box. The plain mash consisted of 
ground laboratory chow mixed with water at a ratio of one 
gram of lab chow to 2 ml of water. After this 10 min period, 
rats were placed in the goal box and were given an additional 
10 min to consume the wet mash. 

Training began on Day 3 and consisted of one trial per day 
for 11 days (Days 3-13). The timing of a trial began when the 
start box door was raised, allowing the rat to run down the 
alley toward the goal box. Latency to leave the start box, net 
running time down the alley, and latency to enter the goal 
box were recorded. These measures collectively comprised 
total running time. Once inside the goal box, the rat was kept 
there for 10 min with a food dish containing plain mash. The 
food dish was weighed before and after this 10 min period. 
One hr after each trial, all rats received a food supplement of 
standard lab chow in their home cage. 

Prior to the test trial on Day 14, the mean total running 
time for each subject was calculated over baseline days (days 
11, 12 and 13). Since pilot studies showed that rats with 
baseline running scores greater than 10 sec displayed consid- 
erable variability in their running times throughout the exper- 
iment, animals exceeding this running time were removed 
from the study. Consequently, 81 out of 280 rats were in- 
cluded in the present experiment. To establish equivalent 
baseline running measures for all treatment groups, the re- 
maining animals were ranked and assigned to nine groups 
(n=9) on the basis of their mean total running time. In addi- 
tion, in order to reduce variability, a maximum arbitrary cut 
off score of 15 sec was assigned to animals whose total run- 
ning time exceeded 15 sec during the testing phase. 

The testing phase consisted of 12 consecutive test days 
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o P-1 + P-5 ° P..25 4 R x PP 
FIG. 1. Mean amount of saccharin-flavored food eaten in the goal 
box of the runway for all pimozide-treated and Ringer’s groups. 
B=baseline day. P-1=pimozide (1.0 mg/kg), P-.5=(0.5 mg/kg), 
P-.25=0.25 mg/kg), R=Ringer’s, PP=post-treatment pimozide (1.0 
mg/kg). *p<0.05—group P-1 is significantly different from groups R 
and P-.25 from test days T1 to T12. *p<0.05—group PP is different 
from groups R and P-.25 from test days T4 to T12. #p<0.05—group 
PP is different from group P-.5 from T7 to T12. 


(Test Days 1-12). Subjects were tested in the runway in their 
assigned treatment condition. Latency to leave the start box, 
time to run down the alley and latency to enter the goal box 
were recorded. Once inside the goal box, each rat was con- 
fined for 10 min with a food dish containing saccharin- 
flavored mash. The flavored mash consisted of one gram of 


ground lab chow mixed in 2 ml of a 0.3% sodium saccharin 
solution. The food dish was weighed prior to and after this 10 
min period (including spillage, if any). Although one group 
did not receive food during the testing phase (extinction 
group), they were confined to the goal box for a 10 min 
period as well. 

Four hours prior to behavioral testing on the first test day, 
rats received IP injections of one of three doses of pimozide: 
1.0 mg/kg (P-1), 0.5 mg/kg (P-.5), or 0.25 mg/kg (P-.25), tartaric 
acid 2 ml/kg (TA1) or tartaric acid 1 ml/kg (TA2), or Ringer’s 
solution 2 mi/kg (R) (pretreatment conditions). Two addi- 
tional groups of animals were injected with pimozide 1.0 
mg/kg (PP) or tartaric acid 2 ml/kg (PTA) in the home cage one 
hr after each test trial in order to control for cumulative drug 
effects (post-treatment conditions). The final group of 
animals, the ‘‘extinction’’ group (EXT) followed the same 
procedure as the other groups except that these animals did 
not receive food reward in the goal box on test days nor did 
they receive any drug injections. 

On the day after the last test day, subjects received their 
appropriate injections and were placed in the open field 
chambers. The post-treatment groups (PP and PTA) did not 
receive any injections on this day. Activity counts were re- 
corded every 15 min for a one hr period. 


RESULTS AND DISCUSSION 


The following strategy is used in analyzing the data of the 
various behavioral measures. A two-way analysis of vari- 
ance (ANOVA) (GroupxDay) with repeated measures is 
conducted on each behavioral measure (total running time, 
latency to leave start box, net running time down alley, la- 


TABLE 1 


SUMMARY OF THE SIGNIFICANT DIFFERENCES IN FOOD 
CONSUMPTION BETWEEN GROUPS ACROSS DAYS USING TUKEY 
TESTS (df=9,576: CRITICAL VALUE NEEDED FOR SIGNIFICANCE 
AT 0.05 LEVEL=6.4) 





Group 


Comparisons Days* 





P-1 vs. P-.25, R and TAI] Tl to T12 
P-1 vs. P-.5 Tl to T2 
P-1 vs. PP Tl 

PP vs. P-.5 T7 to T12 
PP vs. P-.25 T4 to T12 
PP vs. PTA T2 to T12 
PP vs. R T3 to T12 





*p<0.05. 


tency to enter goal box, food consumption and open field 
activity). To facilitate visual inspection of data, figures of 
food consumption, total running time, goal box latency and 
open field measures are presented containing all pimozide- 
treated groups, extinction and Ringer’s groups. Tartaric acid 
groups are not presented in the figures but are included in the 
Statistical analyses. In all cases, Tukey tests yielded no 
differences between Ringer’s and tartaric acid controls on all 
behavioral measures (p>0.05). 


Food Consumption 


Mean food consumption on baseline and test days for 
pimozide-treated and Ringer’s groups is presented in Fig. 1. 
A two-way ANOVA with repeated measures yielded a signif- 
icant Group effect (F=10.46, p<0.00001), Days effect 
F=5.66, p<0.00001), as well as a significant Group x Days 
interaction (F=4.65, p<0.00001). 

Tukey tests revealed a significant reduction (p<0.01) in 
saccharin-flavored food consumption over test days for sub- 
jects pretreated (P-1) or post-treated (PP) with 1.0 mg/kg 
pimozide when compared to Ringer’s and vehicle control 
groups. P-1 and PP groups differed significantly from each 
other only on the first test day (p><0.05), with group P-1 
demonstrating a marked reduction in food intake, and group 
PP demonstrating no change in food consumption on that 
day. Table 1 consists of a summary of the significant differ- 
ences in food consumption between groups across days. 

The reduction in saccharin-flavored food consumption 
seen in group P-1 during this free access situation (10 min 
eating period in the goal box), is inconsistent with other data, 
which indicate no reduction in food consumption in a free 
feeding situation [8,13]. This discrepancy may be due to the 
fact that animals in the present study received a more palat- 
able saccharin-flavored mash on test days as opposed to 
plain food which was used in the above studies. Xenakis and 
Sclafani [18] reported that animals pretreated with pimozide 
showed a greater reduction in the consumption of a 
saccharin-glucose solution as compared to plain water. 
These authors suggested that pimozide was more effective in 
reducing the reward value of the more palatable solution. 
Thus, the significant reduction of saccharin-flavored food 
observed in the present study may reflect pimozide’s ability 
to reduce the rewarding property of the flavored mash. 
However, it is also possible that the reduction in food con- 
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FIG. 2. Mean total running time for pimozide-treated, Ringer’s and 
extinction groups. Groups are the same as those designated in Fig. 1. 
EXT=extinction *p<0.0S—group EXT is significantly different 
from group R from T2 to T12. * p<0.05—group EXT is different 
from group P-.25 from T3 to T12. *»<0.05—group EXT is different 
from group P-.5 from T7 to T12. 


sumption observed in group P-1 may be in some way related 
to the aversive properties of pimozide. The reduction in food 
consumption in the post-treatment pimozide group (PP) 
suggests that pimozide possesses aversive properties 
demonstrated by its capacity to induce a CTA. It is possible 
that the CTA induced by pimozide post-treatment (group PP) 
may be due to some drug accumulation effect. This interpre- 
tation however, can be argued in that no similar reductions in 
food intake were observed for groups pretreated with 0.5 or 
0.25 mg/kg pimozide, where the concentration of drug in 
these groups would be higher at time of testing. Although the 
reduction in food consumption in group P-1 could not be 
defined as a CTA because suppression of food intake oc- 
curred on the first day before a possible association between 
the novel saccharin-flavor and drug effect could be formed, 
the observed reduction may nevertheless be due to some 
drug-induced unconditioned aversive state (see [8,14]). 
Moreover, it is conceivable that the salience of certain ap- 
petitive stimuli may interact with the drug to lead to further 
suppression [11]. 


Total Running Time 


Mean total running time for pimozide-treated, Ringer’s 
and extinction groups on baseline and test days is presented 
in Fig. 2. A two-way ANOVA with repeated measures re- 
vealed a significant Group effect (F=8.36, p<0.00001), a 
significant Days effect (F=2.09, p<0.05), and a significant 
Group x Days interaction (F=1.85, p<0.00001). Pairwise 
comparisons using Tukey tests indicated that the three pre- 
treated pimozide groups (P-1, P-0.5, P-0.25) did not differ 
significantly from one another, from their respective vehicle 
control, and the Ringer’s group over days. Tukey tests re- 
vealed that running time of group EXT was significantly 
slower than the groups R, P-.5 and P-.25 (p<0.05). 

These results demonstrate that group EXT ran signifi- 
cantly slower than rewarded controls whereas the perform- 
ance of the pimozide groups, at all three doses, did not differ 
from rewarded controls. It should be noted that no signifi- 
cant differences in total running time were observed between 
groups P-1 and EXT. 
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START LATENCY (SEC) 
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FIG. 3. Mean latency to leave the start box for all experimental 
groups in the runway task. P-1=pimozide (1.0 mg/kg), P-.5=(0.5 
mg/kg), P-.25=(0.25 mg/kg), R=Ringer’s, TAl=tartaric acid (2 
ml/kg), TA2=tartaric acid (1 ml/kg), PP=post-treatment pimozide, 
PTA=post-treatment tartaric acid, EXT=extinction. *p<0.05— 
when compared to group P-1. 
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FIG. 4. Mean net running time down the alley to the goal box for all 

experimental groups in the runway task. Groups are the same as 

those designated in Fig. 3. *p<0.05—when compared to group 

EXT. 


Start Latency 


A two-way ANOVA with repeated measures yielded only 
a significant Group effect (F=3.31, p<0.003) on this meas- 
ure. Given the absence of a Days effect or a Group x Days 
interaction, scores for each group were collapsed across 
days and are presented in Fig. 3. Post hoc Tukey tests re- 
vealed that the overall start latency of group P-1 was signifi- 
cantly greater (p<0.05) than groups TAI, R, PP and EXT. 
Group P-0.5 also tended to have a higher start latency when 
compared to groups TA, R, PP and EXT, however this was 
not significant (p><0.06). There were no significant differ- 
ences between the Ringer’s and vehicle groups nor between 
Ringer’s and the extinction groups. 

These results suggest that pimozide disrupts the ‘‘initia- 
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FIG. 5. Mean latency to enter the goal box for pimozide-treated, 
Ringer’s and extinction groups. Groups are the same as those desig- 
nated in Fig. 2. xp<0.05—group EXT is significantly different from 
group R from T2 to T12. *p<0.0S—group EXT is different from 
group PP from T2 to T12. # p<0.05S—group EXT is different from 
group P-.25 from T4 to T12. *»<0.05—group EXT is different from 
group P-.5 from T6 to T12. # p<0.05S—group EXT is different from 
group P-1 from T7 to T12. 


tion’’ response to leave the start box. Only groups pretreated 
with pimozide at the two higher doses demonstrated delays 
in response initiation. Thus, the prolonged start latency ob- 
served in group P-1 and the tendency for a similar effect in 
group P-.5, appears to reflect pimozide’s influence on motor 
activity. It should be noted that this effect of pimozide on 
initiation of responding has been reported by others [3,4]. 


Net Running Time 


Two-way ANOVA with repeated measures revealed only 
a significant Group effect (F=4.21, p<0.0005). Given the 
absence of a Days effect or a Group x Days interaction, 
scores of each group was collapsed across days and is pre- 
sented in Fig. 4. Tukey tests revealed that the overall net 
running time of the extinction group (EXT) was significantly 
slower than groups R and P-.25 (p<0.05). Groups P-1 and 
P-.5 did not significantly differ from their respective vehicle 
control, groups P-.25 or R (p>0.05). However, groups P-1 
and P-.5 did not differ from group EXT as well. 


Goal Box Latency 


Mean latencies to enter the goal box for all pimozide- 
treated, Ringer’s and extinction groups is presented in Fig. 5. 
A two-way ANOVA with repeated measures yielded a signif- 
icant Group effect (F=12.00, p<0.00001), Days effect 
(F=2.77, p<0.002) as well as a significant Group <x Days 
interaction (F=1.58, p<0.0006). Post hoc Tukey tests 
yielded no significant differences between the various 
pimozide groups (pre- and post-treatment conditions) and 
their respective vehicle controls, nor between the pimozide 
and Ringer’s groups. However, pairwise comparisons re- 
vealed that group EXT exhibited longer goal box latencies 
than the pimozide-treated and Ringer’s groups. Table 2 con- 
sists of a summary of the significant differences in goal box 
latency between groups across days. 

These results suggest that the extinction group showed 
longer latencies to enter the goal box than pimozide-treated 


TABLE 2 


SUMMARY OF THE SIGNIFICANT DIFFERENCES IN GOAL BOX 

LATENCY BETWEEN GROUPS ACROSS DAYS USING TUKEY TESTS 

(df=9,936; CRITICAL VALUE NEEDED FOR SIGNIFICANCE AT 0.05 
LEVEL=6.17) 





Group 


comparisons Days* 





EXT vs. R and PP 
EXT vs. P-1 

EXT vs. P-.5 
EXT vs. P-.25 


T2 to T12 
T7 to T12 
T6 to T12 
T4 to T12 





*p<0.05. 


animals. If pimozide blocks the rewarding property of food, 
then similar latencies to enter the goal box should have been 
observed in both pimozide-treaited and extinction groups. 
This was clearly not demonstrated and suggests that the ef- 
fects of pimozide do not parallel those of extinction. 


Open Field Activity 


Figure 6 illustrates the effects of pimozide, Ringer's and 
extinction treatment conditions on mean locomotor activity 
of rats within a one hr testing session. A two-way ANOVA 
with repeated measures yielded a significant Group effect 
(F=10.91, p<0.00001), Time effect (F =444.16, p<0.00001), 
and a significant Group x Time interaction (F=2.72, 
p<0.0001). The data from 17 subjects was lost because of 
technical difficulties and were not included in the statistical 
analysis of open field activity. Pairwise comparisons using 
Tukey tests showed that the activity counts of all three pre- 
treated pimozide groups (P-1, P-.5, P-.25) were significantly 
lower than their corresponding vehicle control groups and 
groups R and EXT. Activity counts of the post-treatment 
pimozide group (PP) were significantly depressed compared 
to groups R and EXT for the first two 15 min periods as well. 

These data are consistent with other findings that 
neuroleptics suppress activity and exploratory behavior as 
measured in the open field [10] and in y- and radial mazes 
[1,6]. 

Of additional interest here is that the 0.25 mg/kg pimozide 
group which responded in a similar fashion to the Ringer's 
group in running performance (and was significantly differ- 
ent from the extinction group) and food consumption, 
demonstrated a suppression of locomotor activity during 
the first two 15 min periods. Although this group did not 
demonstrate any performance deficit in the runway, the open 
field may be a more sensitive measure reflecting pimozide’s 
ability to interfere with habituational, attentional or motiva- 
tional factors involved in exploratory behavior [6]. 
Moreover, group PP which received no drug during open 
field testing demonstrated a depression in activity, suggest- 
ing some drug accumulation deficit in open field activity. It is 
conceivable then, that chronic pimozide treatment (12 days) 
and at a low dose (0.25 mg/kg) may produce some effects 
which can not be detected or measured in the runway. 


GENERAL DISCUSSION 


The results of this experiment indicated that the sequence 
of running behavior performed by pimozide-treated rats re- 
ceiving food reward is not similar to that observed in animals 
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FIG. 6. Mean activity counts at 15 min intervals for pimozide-treated, 
Ringer's and extinction groups. Groups are the same as those desig- 
nated in Fig. 2. *p<0.05S—when compared to groups P-1, P-.5 and 
PP. 


receiving no food reward (i.e., extinction). This was evident 
in both start latency and goal box latency measures. Animals 
pretreated with higher doses of pimozide (0.5 and 1.0 mg/kg) 
demonstrated longer latencies to leave the start box than the 
extinction and Ringer’s groups. This dissimilarity of behav- 
ior between non-rewarded and pimozide-treated rats may 
reflect a response initiation deficit in that only the pimozide- 
treated groups showed a prolonged latency to leave the start 
box. Looking at the goal box latency measure, the extinction 
group displayed a longer latency to enter the goal box than 
pimozide-treated and Ringer’s groups. Thus, it would appear 
that although the goal box possessed decreased incentive 
value for the extinction group, no such effect was seen for 
the pimozide-treated and Ringer’s group. 

The open field data lends further support for the notion of 
motor impairment in pimozide-treated animals [7,10]. Activ- 
ity counts of all pretreated pimozide groups were signifi- 
cantly depressed relative to extinction and Ringer’s groups 
for the first 30 min. 

A further differentiation between the extinction and 
pimozide-treated groups may be found in the apparently al- 
tered value of the food reinforcer. Animals that received 1.0 
mg/kg pimozide (pre- and post-treatment) and showed a 
greater reduction in food intake, entered the goal box as 
quickly as normally rewarded control animals. This reduc- 
tion in food intake presumably reflecting the reduced impact 
of food reinforcement was not associated with slower 
net running time nor in latency to enter the goal box for those 
pimozide groups, whereas animals receiving no food reward 
showed both of these effects. Thus, these data suggest that 
the quality of the reward deficit experienced under pimozide 
is not similar to that of a ‘‘no food reward’’ condition. The 
differences between these two groups may reflect two dis- 
tinct underlying mechanisms, as suggested previously [12]. 
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Moreover, based on the present finding that pimozide is 
capable of inducing a CTA and may therefore possess aver- 
sive properties, the reduction in saccharin-flavored food may 
additionally reflect some unconditioned aversive state in- 
duced by the drug. 

The results from this experiment support the notion that 
the runway may be a particularly sensitive tool for examining 
the effects of pimozide on food reinforced behavior. In addi- 
tion, the runway task may be more sensitive to pimozide’s 
effects than are other operant tasks. More specifically, the 
present results emphasized the importance of examining the 
various components of a complex sequence of behaviors 
such as that displayed in the runway paradigm. Analyses of 
these various components revealed group differences which 
were not evident when the more general total running time 
was measured. 

The open field provided additional important information 
regarding more subtle effects of pimozide on activity levels 
in general. Specifically, these results suggested that 
pimozide at low doses (0.25 mg/kg) and possibly after 
chronic use, may exert effects on activity levels; these ef- 
fects were not observed in the runway. 

In summary, the present investigation demonstrated that 
within the runway paradigm, effects of pimozide on food 
reinforced behavior were not equivalent to the running per- 
formance of animals placed under extinction conditions. 
Pimozide-treated animals entered the goal box as quickly as 
rewarded controls, although the former groups (pre- and 
post-treated 1.0 mg/kg) showed a significant reduction in 
saccharin food intake. In contrast, the extinction group 
demonstrated the longest latencies to enter the goal box. The 
present investigators suggest that the quality of ‘‘reward’’ is 
very different when food is no longer available as compared 
with pimozide’s influence on food intake. 

The present data does not enable us to identify a single 
major factor that contributes to the phenomenon of food 
reinforced behavior. We cannot rule out the possibility that 
pimozide attenuates or blocks the rewarding properties of 
appetitive stimuli. However, the present data in conjunction 
with the finding that pimozide suppresses general activity, 
are more consistent with the hypothesis that pimozide inter- 
feres with appetitively motivated behavior by disrupting 
motor responses. 
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SIMON, C., J. L. SCHLIENGER, R. SAPIN AND M. IMLER. Cephalic phase insulin secretion in relation to food 
presentation in normal and overweight subjects. PHYSIOL BEHAV 36(3) 465-469, 1986.—The existence of a preabsorp- 
tive insulin reflex is well known in animals but remains controversial in humans. Glycemia and insulin variations following 
olfactive and visual presentation of a standard meal were studied in 25 subjects, 10 of them (5 men and 5 women) of normal 
weight and 15 overweight (7 men and 8 women), after a 15 hour fast. Blood samples were collected continuously, every 
minute for 16 minutes after the meal was presented. The presentation produced an early blood insulin increment, variable in 
magnitude and time course and occurring between the 3rd and 9th minute, in both normal and overweight subjects. 
Glycemia variations were not significant. Our study demonstrated a positive correlation between (1) the reflex insulin 
release, (2) body weight and (3) a conscious effort to maintain current body weight. However, the differences between 
overweight and normal subjects remained small. The physiological and psychological determinants of the cephalic phase of 


insulin secretion are discussed. 
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IN rats, food intake is followed by an early preabsorptive 
insulin release depending on the sensory qualities of food 
presented [8,9]. A similar initial insulin secretion is also ob- 
served after saccharin intake [3] or after any arbitrary signal 
indicating the imminence of feeding [20]. This insulin re- 
sponse, also called cephalic insulin release, is probably of 
parasympathetic neural origin since it disappears after com- 
plete vagotomy [2], atropine administration or in strep- 
tozotocin diabetic rats with intrahepatic, presumably dener- 
vated islets isografts [4]. The significance of cephalic insulin 
release remains partly hypothetic. It probably plays an im- 
portant metabolic anticipatory role, explaining the better 
tolerance of glucose when given orally than administered 
directly to the stomach or injected intravenously. 

On the other hand, some recent experiments in rats 
suggest that it could be related to the propensity of rats to 
gain weight when offered highly palatable food [3]. 

In humans, the first study compatible with a cephalically 
induced rise in insulin levels was that of Penick et al. [12], 
who observed a fall in plasma-free fatty acid levels within 
one minute after visual presentation of food. Since then, 
various authors have also observed a significant rise in 
plasma insulin in response to food related stimuli [11, 16, 17] 
or after imaginary food intake [6], but it all remained contro- 
versial [19]. Neural insulin release seems to vary in ampli- 
tude and time-course for different subjects. Some authors 
only found it in overweight women who were dieting [17], 
while others suggested that it was related to psychological 
traits of the individual rather than to their body weight [14]. 





More recently Bellisle et al. [1] failed to establish any 
relationship between reflex insulin release induced by food 
intake and the palatability of food, the immediate eating be- 
haviour or the metabolic effects of the meal. In their study 
however, early absorption of the food or the action of some 
gut peptides and hormones involved in the insulin secretion 
were not ruled out. Moreover, neither the subjects’ eating 
habits, nor their food intake before the experiment were 
studied. 

It is not clear whether neural insulin secretion is a consis- 
tent phenomenon, nor what the behavioral, physiological or 
physiopathological significance of this release might be. The 
aim of the present study is therefore to assess whether insu- 
lin secretion in response to the sight and smell of palatable 
food exists after a 15 hour fast, in lean and overweight sub- 
jects, and to define the relationship that exists between this 
insulin release, the hunger feeling, habitual eating behaviour 
and/or body-weight evolution. 


SUBJECTS 


Two subject groups were studied. All subjects were 
healthy as assessed by physical and biological examination; 
informed consent was obtained from all of them. 

The first group consisted of ten lean subjects, 5 women 
and 5 men aged 22 to 36 years (with a mean (+SEM) of 
26.7+1.3 years). Their weight was within+ 10% of the ideal 
(Mean body mass index (W/H?)=20.2+0.5 kg/m*), according 
to the Metropolitan Life Insurance Co. tables (1959) and they 
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were screened for any history of overweight antecedents. All 
had regular eating and working habits, and none had been 
overweight. Five of them (3 men and 2 women) were tested 
twice under the same conditions, to assure the reproducibil- 
ity of the study. Five other lean subjects (3 women and 2 
men) were studied in control sham experiments. 

Fifteen overweight subjects (8 women and 7 men) aged 22 
to 59 years (33.3+3.3 years) composed the second group. 
The degree of obesity varied from 125% to 210% according to 
the above mentioned weight tables (W/H*=34.2+1.4). None 
of the subjects who were studied during the first days of a 
brief hospitalisation were actually dieting. This second group 
was divided into two subgroups according to the rate of 
weight change. Eight subjects (4 men and 4 women) whose 
weight remained stable for at least 6 months had “‘static 
obesity;’’ the other seven (3 men, 4 women) had gained more 
than 4 kg within the last 4 months and suffered from what we 
shall henceforth call ‘‘dynamic obesity.” 

A glucose tolerance test (100 g CHO standard breakfast) 
was performed on the ten lean and eleven of the overweight 
subjects. The subjects were classified as having normal or 
impaired glucose tolerance according to their fasting and 120 
min postprandial glucose levels. 

Subjects defined as having normal glucose tolerance had 
both fasting and postprandial plasma glucose levels below 7 
mmol/l. Blood insulin response to glucose loading was meas- 
ured by the insulin increment, occurring 30 minutes after 
food intake (which we will call Insulin tolerance index (ITI)). 
Moreover, for all subjects diet history, habitual food intake 
(three days’ recall), food preferences, body weight history 
and overweight antecedents were recorded. The subjects 
were then asked to complete a test adapted from that of 
Stunkard [18] that is used to distinguish restrained attitudes 
and eating behaviour. This 58 item questionnaire reveals 
three different factors: Factor 1—‘‘cognitive restraint’’ or 
conscious effort to maintain current body weight, Factor 
2—‘‘emotional lability’’ or the influence of external cues 
such as anxiety and depression on eating behaviour and Factor 
3—“‘perceived hunger’’ or relations between feelings of sa- 
tiety and eating behaviour. 


METHOD 


Blood insulin and glycemic variations following the visual 
and olfactive presentation of a standard palatable meal (raw 
carrots, fried chicken, spaghetti and cookies), which was 
known to be appreciated (moderate palatability) by the sub- 
jects, were studied after a 15 hour fast. The experiment took 
place in an environment free of any suggestive food-related 
cues. 

The subjects, who had been informed of the meal presen- 
tation in order to avoid possible stress, were placed in a 
comfortable chair at 10 a.m. An indwelling catheter was then 
inserted into an antecubital vein using local anaesthetic, and 
was kept patent through saline perfusion. After a 60 min rest 
period, 5000 U of heparine were delivered intravenously to 
prevent clotting and blood sampling began. Blood samples of 
3 ml each were collected continuously, with the aid of a 
peristaltic pump, 30 minutes before (at a rate of 3 cc/min) and 
15 minutes after (at a rate of 0.3 cc/min) meal presentation 
which took place at 12 noon and lasted 15 minutes. Just after 
meal presentation, the subjects were asked about the inten- 
sity of their feelings of hunger and about food palatability. 

Five lean subjects underwent the same experiment a few 
days later. The control group (made up of 5 other lean sub- 
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FIG. 1. Effect of meal presentation on plasma insulin variations 
(mean+SEM) in 10 lean and 15 overweight subjects. The food re- 
lated stimulus is followed by a significant rise in insulinemia, occur- 
ring between the 7th and 9th minutes in both groups: *xsignificant 
difference between lean and control subjects, p<0.05, *xsignificant 
difference between lean and overweight subjects, p<0.05. 


jects) underwent a similar experiment, though without any 
meal presentation, to test the influence of the experiment per 
se, without food-related cues. 


MEASUREMENTS 


Blood samples were centrifuged at 4°C within ten minutes 
after sampling and stored at —20°C. Plasma glucose was as- 
sayed with an automated glucose oxydase method 
(Boehringer GOD-perid). Plasma insulin content was de- 
termined in duplicate by means of a double antibody 
radioimmunoassay (Insik 1 CEA France), using human insu- 
lin as standard (23 ~U/ng). The intra-assay variation coeffi- 
cient was 8.6% determined from duplicated samples; interas- 
say precision was 12.4%. 


DATA ANALYSIS 


Results were expressed as means+SEM. Differences be- 
tween the different groups were assessed through variance 
analysis. Correlations were examined by means of linear re- 
gression analysis. 

For each group of subjects, changes in blood insulin (glu- 
cose) levels after stimulus were studied and compared with 
the basal levels (i.e., mean of the last 2 samples before the 
meal stimulus), through Student’s paired f-tests. 

Individual results were then further analyzed to provide 
an index to the amplitude of the neural insulin secretion. 
Amplitude (A IRI) and time (T,,) of maximal rise in insulin 
were determined. For all lean subjects and for 14 overweight 
subjects (1 subject was disregarded because of clotting at 9 
min), mean changes in plasma insulin levels were then alge- 
braically integrated over the ten minutes after meal presen- 
tation. Since blood sampling was continuous, these areas 
(IRI Area) reflect true changes in insulin secretion. Both A 
IRI and IRI Areas were then expressed as a percentage of 
the basic insulin ievel: (A IRI % =AIRI/IRI,; IRI Area % = 
IRI Area/IRI,). 


RESULTS 


When all subjects were taken into account, a positive 
correlation was observed between the IRI Area and the max- 
imal rise in IRI (A IRI) (r=0.79; p<0.01). The different sub- 
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TABLE 1 
AMPLITUDE OF THE CEPHALIC INSULIN SECRETION IN 10 NORMAL AND 15 OVERWEIGHT SUBJECTS 





Normal Subjects Overweight Subjects 


All All 


Women Subjects Women Subjects 





Age 4+ 1. 26.0 + 2.4 26.7 + 1.3 iS «3. 3+4.8 233 
(Years) 

W/H? 
(kg/m?) 

Insulin Tolerance 
Index (U/ml) 

Basal IRI 
(U/ml) 

A IRI max 
(uU/ml) 

A IRI (%) 

IRI Area 
(U/ml/min) 


19.8 + 0.8 ja OS 
55.3 + 4.5 69.0 + 6.1 se 2 
12.3 + 0.3 ~ = ©: , 0.7 
2.2 + 0.6 


19.3 + 6.0 
2.7 + 5.5 





*p<0.01 lean vs. overweight subjects. 
*p<0.05 overweight women vs. other subgroups. 


TABLE 2 


REPRODUCIBILITY OF CEPHALIC INSULIN RELEASE IN 5 LEAN SUBJECTS IN TWO SUCCESSIVE 
EXPERIMENTS ON EACH OF THEM 





A IRI 


Ist Experiment 
(U/ml) 


IRI Area 


Ist Experiment 
(4U/ml/min) 


2nd Experiment 


2nd Experiment 
(U/ml) 


(4 U/ml/min) 





Subject | 3.6 4.0 i 18.2 
Subject 2 1.3 1.3 , —5.7 
Subject 3 1.9 1.7 ; —0.6 
Subject 4 1.4 a7 ; 11.5 
Subject 5 i 3.0 2.9 : —1.3 


Mean of 
differences 





groups (lean and obese subjects), gave a similar correlation, 
which justified taking the latter index as an indicator of insu- 
lin release. 


Lean Subjects 


Meal presentation produced an early rise in blood insulin, 
which varied in magnitude and time-course, occurring be- 
tween 3 and 9 minutes after the first stimulus. When no meal 
stimulus was presented (control group), insulin levels fell 
slightly during the first ten-minute observation period. Point 
by point comparison between experiment and control sub- 
jects showed significant differences 6, 7 and 8 minutes after 
the stimulus (Fig. 1). Significant differences between these 
two groups were also found for IRI Area (3.4+3.1 
#U/mi/min vs. —13.8+8.4 ~U/ml/min; p<0.05). No differ- 
ences were observed between the insulin releases of men and 
women (Table 1). 

Changes in blood glucose remained small and statistically 
similar to basal levels both in the control group and after 
meal presentation. 


The reproducibility of this experiment was established by 
comparison of A IRI and IRI Area, obtained in 5 subjects in 
two successive experiments on each of them (Table 2). This 
fact, which has not been reported by any other author, might 
be due to the standardization of our experimental prerequi- 
sites: stable weight and the 15 hour fast. These conditions 
perhaps permitted maximal insulin response. 


Overweight Subjects 


The average basal blood insulin level was significantly 
higher for the overweight group than that for the lean group 
(24.97+3.3 ~U/ml vs. 11.1+0.7 wU/ml; p<0.01). As in the 
latter group, meal presentation was followed by a significant 
rise in blood insulin level which reached a maximum be- 
tween the 4th and 9th minute for each subject (Fig. 1). Insu- 
lin levels were still above baseline 7, 8 and 9 min after the 
stimulus (p<0.05). 

A significant difference between the insulin responses in 
overweight and lean subjects was observed seven minutes 
after meal presentation (A IRI at time + 7: 2.5+0.7 «U/ml vs. 





TABLE 3 


AMPLITUDE OF CEPHALIC INSULIN SECRETION IN 8 SUBJECTS 
WITH STATIC AND 7 SUBJECTS WITH DYNAMIC OBESITY 





Static Obesity Dynamic Obesity 





W/H? 
kg/m? 

Insulin Tolerance 91.4 + 7.5 
Index («U/ml) 

Basal IRI + 3.9 
(4 U/ml) 

A IRI .7+0.8 
(U/ml) 

A IRI % 333 
(%) 

IRI Area 
(“U/ml/min) 


33.8 + 3.8 34.5 + 2.2 
89.6 + 6.1 
23.4 + 3.1 
2.9 + 0.5 
14.2 + 0.3 


Da 25.7 5M St 





0.3+0.7 wU/ml; p<0.05) but A IRI, IRI Area and time of 
maximal rise did not differ in the two groups (Table 1). The 
_ Maximal rise in IRI was higher in overweight women than in 
overweight men (4.25+0.66 wU/ml vs. 2.26+0.43 «U/ml; 
p<0.05). 

Average basal plasma glucose levels were higher in over- 
weight subjects than in normal-weight subjects (5.17+0.15 
mmol/l vs. 4.6+0.2 mmol/l; p<0.01) but no significant varia- 
tion was observed after meal presentation. 


Cephalic Insulin Secretion and Body Weight 


For lean subjects, a significant correlation was observed 
between IRI Area and W/H? (r=0.60; p<0.05), which was 
not noted in the obese group. However, when all subjects 
were taken into account, the maximal rise in insulin (A IRI) 
increased with W/H? (r=0.51; p<0.01). Insulin secretion in- 
dices tended to be higher in ‘‘static obese’’ subjects than in 
*‘dynamic obese”’ subjects (Table 3) but none of the index 
differences observed were significant. 


Cephalic Insulin Secretion and Eating Behaviour 


As expected, the three scores on the Stunkard test scale 
were higher in obese subjects than in lean subjects [factor 1: 
10.5+1.3 vs. 8.9+1 (p<0.01); factor 2: 4.9+0.9 vs. 4.2+0.9 
(p<0.01); factor 3: 5.2+0.8 vs. 2.4+0.6; (p<0.01)]. 

Statistically significant correlations between A IRI, W/H? 
and factor 1 of the Stunkard test (cognitive restraint) were 
observed. But neither in lean nor in overweight subjects, did 
insulin release correlate significantly with habitual food 
consumption, palatability of the meal or hunger estimation. 


Neural Insulin Secretion and Glucose Tolerance 


No significant differences were observed in the insulin 
responses induced by meal presentation between subjects 
with normal glucose tolerance and those with impaired glu- 
cose tolerance. However, a significant correlation was ob- 
served, in overweight subjects, between the insulin tolerance 
test increment and A IRI (r=0.73; p<0.01), suggesting a par- 
allel between neural insulin release and pancreatic reaction 
to the metabolic stimulus. No such relationship was noted in 
lean subjects. 
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DISCUSSION 


Our results confirm the existence of early neurally in- 
duced insulin secretion after meal presentation in both lean 
and overweight subjects who have fasted for more than 15 
hours. This insulin release, variable in size and time course 
was recorded between 3 and 10 minutes after stimulation. 

The results of similar studies in lean subjects are 
equivocal. Our findings are in agreement with those of var- 
ious authors [1, 14, 16, 18], who noted early insulin release 
after meal presentation and/or intake. Bellisle et a/. in a more 
detailed study [1] reported, as we do, great variability in the 
presumably cephalic-induced blood insulin changes follow- 
ing food intake, an absence of response being noted in ap- 
proximately 12% of the cases examined. The cephalic insulin 
release profile was extremely close in size to what we ob- 
served, although their figures lasted longer and had poor 
reproducibility. In Bellisle et al. study, the durability of the 
response might be related to reflexes of gustative and/or gas- 
trointestinal origin. The poor reproducibility in that study 
contrasts with our results, but their subjects were not fasting 
at the time of the experiment and variations in satiety or in 
previous food intake could, in our view, account for the 
intra-individual variations—though the authors did not ob- 
serve any relationship between amplitude of response and 
immediate eating behaviour. 

Other authors found that sham feeding did not increase 
glucose and insulin serum levels in lean subjects [17,19]. 
Differences in the protocols could explain some different 
results: in the Taylor and Feldman study, blood samples 
were only taken every 15 minutes and so could not reveal 
any early rise in insulin. The changes observed in our study, 
as well as those of others [1, 14, 18] are weak and appeared 
early in the experiment; plasma insulin levels must be eval- 
uated at short intervals to detect this response. Moreover, 
great care is needed to reduce disturbance due to experi- 
mental procedure, thus avoiding stress, which inhibits insu- 
lin secretion. 

The physiological determinants of this insulin release are 
still not clear. In our experiment, positive correlation was 
found between secretory amplitude and body weight. This is 
not surprising, since certain experiments on animals suggest 
that exaggerated insulin release of neural origin could pre- 
cede and/or be associated with experimental obesity—as in- 
duced by lesion of the hypothalamic ventromedian nucleus 
[7,13], or by the presentation of highly palatable food [3] or 
as observed in fa/fa obese animals [15]. Moreover, excessive 
pancreatic reactivity might favour the development of obe- 
sity. The differences observed between obese and lean sub- 
jects remained small and we found no significant differences 
between the amplitudes of early insulin secretion of the two 
groups as Sjéstrom et al. had reported [17]. This could be 
explained by the fact that in the Swedish study, the obese 
subjects were women (we noted significant differences be- 
tween overweight women and the other subjects) who 
moreover were dieting. Chronic dieting might in fact have 
provoked greater neurally induced hormone release, as has 
been reported for conditioned salivation [21]. In fact, Rodin 
and Cabanac observed that the taste for sweetness increased 
[5,14] after acute food deprivation or weight loss. 

The fact that our subjects were fasting for more than 15 
hours might have concealed differences between the two 
groups, perhaps only existing in the post-prandial state. Sig- 
nificant differences in salivary response to palatable food 
stimulus between overweight and lean subjects were only 
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observed when they were satiated. The fact that the meal 
presented was moderately palatable might have blunted 
differences too; the importance of palatability in food intake 
in animals with experimental obesity (VMH lesions) is well 
documented: these animals tend to overeat when presented 
with very palatable food, but undereat when palatability is 
poor [13]. 

Our attempt to identify morphological, metabolical or be- 
havioural characteristics, which might be responsible for 
higher reflex insulin response, proved unsuccessful. Neither 
glucose tolerance, nor recent weight changes seem to influ- 
ence the reflex insulin response significantly. 

In spite of the positive correlation between insulin re- 
sponse and the ‘“‘cognitive restraint’’ score in the Stunkard 
test, it is difficult to ascertain if this plays a decisive role in 
determining insulin response, since there was also a correla- 
tion between body weight and the degree of restraint. Saha- 
kian et al. [16] reported a similar relationship for cephalic 
phase salivation, cognitive restraint and body weight index. 
Like Bellisle et al. we could not establish any relationship 
between cephalic insulin release and the hunger feeling, food 
palatability or habitual food consumption. Since overweight 
subjects have higher basal insulin secretion one can specu- 
late that, even if it is low, any additional insulin, i.e., from 
cephalic release, might be inappropriate and disturb the 
**hunger-satiety balance’ and possibly contribute to obesity. 
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The differences observed between obese men and women 
are more surprising. Differences in finickiness between nor- 
mal male and female rats have been reported; some experi- 
ments by Nance ef al. suggest that male rats regulate their 
food intake and body weight more like animals with lesions 
in the ventromedial hypothalamus than do female rats and 
that males are more sensitive to food palatability [10]. Such 
differences have not however been reported in human beings 
although female hormones have been thought to be a factor 
encouraging weight gain. 

This study confirms the existence of a neural-cephalic 
induced insulin secretion. If this phenomenon has any phys- 
iological significance, which seems likely from the better 
tolerance of oral than parenteral glucose, further experi- 
mentation is necessary to assess whether or not it plays a 
determining role in the genesis of obesity and to clarify its 
relationship with the eating behavicur of the subjects, as well 
as with the neurally induced secretion of other hormones, 
such as glucagon, somatostatin and substance P. 
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LERER, B., M. STANLEY, M. KEEGAN AND H. ALTMAN. Proactive and retroactive effects of repeated electrocon- 
vulsive shock on passive avoidance retention in rats. PHYSIOL BEHAV 36(3) 471-475, 1986.—In spite of technical 
modifications, the therapeutic administration of electroconvulsive shock (ECS) to humans is still associated with significant 
memory impairment. Studies aimed at elucidating the neurobiologic basis of this impairment and developing appropriate 
treatment approaches have been limited by the absence of an appropriate animal model. We report here that ECS 
administered daily for 1-7 days to male albino rats (ECS x |-ECS x7) cumulatively impaired retention of passive avoidance 
when animals were trained 24 hours after the last ECS and tested 24 hours after training. Retention was directly propor- 
tional to the interval between training and testing; animals trained 24 hours after ECS x7 and tested 1 hour later showed no 
deficit while animals tested after 24 hours showed maximal impairment. Retention was significantly improved by 10 days 
following the last of ECSx7 and intact by 21 days. These findings parallel the effects of ECS on memory function in 
humans. The retrograde effects of ECS also paralleled those demonstrated in humans; while retention of a passive 
avoidance task learned 24 hours before ECSx7 was grossly impaired, retention was intact if learning took place 7 days 
before the ECS course. The application of these findings as an animal model of ECS-induced memory impairment in 


humans, is discussed. 
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REPEATED electroconvulsive shock (ECS) is still exten- 
sively used in humans for the treatment of severe depressive 
states. Although modifications in electrode placement and 
stimulus parameters may considerably reduce the severity of 
cognitive deficits induced by electroconvulsive therapy 
(ECT), memory impairment remains a major drawback of 
the treatment [2]. The most clinically significant memory 
deficits are those which are still present once the patient has 
recovered from the acutely disorienting effects of electrical 
stimulation and grand mal seizure induction [2]. These longer 
term effects of ECT on memory have been qualitatively de- 
fined in an extensive series of studies which have tested 
memory function 24 hours to 6 months following the last of a 
series of ECT administrations [16, 17, 18, 19, 22]. The cen- 
tral, clinical characteristics of ECT-induced memory im- 
pairment may be briefly summarized as follows: 

(1) The impairment is cumulative and severity increases 
with increasing numbers of treatments. This conclusion is 
based on studies which employed serial testing of a variety of 
memory functions over 5—10 ECT administrations [16]. 

(2) Anterograde amnestic effects are characterized by a 
specific deficit in delayed recall of newly learned material 
while the initial learning of such material is unimpaired. This 
anterograde amnesia is not permanent and has been reported 
as no longer demonstrable as early as 6 weeks after conclu- 
sion of the treatment [17, 18, 22]. 

(3) Retrograde amnestic effects are characterized by a 


temporal gradient. Memory for events which occurred im- 
mediately prior to the ECT course is most prominently im- 
paired while more remote memories appear to be relatively 
unaffected [19]. 

Decades of interest in the amnestic effects of ECS in ro- 
dents and the mechanisms which underlie these effects, are 
reflected in a voluminous literature on the subject (e.g., [8, 
14, 15]). Findings from most of these studies have, however, 
not been readily applicable to ECT-induced memory im- 
pairment in humans because of critical methodological 
differences. The most important of these are: 

(1) Use of single ECS (or massed treatments within a 
short space of time on a single day) rather than repeated 
treatments administered daily or at less frequent intervals. 
Since single ECS has not been found to be therapeutically 
effective [2], the effects on memory of a series of treatments 
administered over a period of days or weeks are far more 
relevant to the clinical context. 

(2) Exposure of animals to the training situation (what- 
ever its nature) immediately prior to or following ECS ad- 
ministration, or at intervals of less than 24 hours. Findings 
derived from studies of this kind are highly relevant to the 
transient cognitive effects of ECT in the early post-ictal 
period but do not parallel the longer-standing, and therefore 
more clinically significant, delayed effects of ECT on mem- 
ory function. 

A clinically relevant animal model of ECT-induced mem- 
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FIG. 1. Effect of ECSx7 on passive avoidance retention as a func- 
tion of train-test interval. Rats were trained 24 hours following the 
final ECS and tested at intervals from 1-168 hours after training. 
*p<0.05, ECS vs. control; ***p<0.0001 ECS vs. control (Mann 
Whitney U test). 


ory impairment should therefore encompass both repeated 
ECS administration and an interval of 24 hours or longer 
between ECS administration and exposure to the learning 
trial used in the memory paradigm. 

We have preliminarily reported a series of experiments in 
which rats were administered a single ECS (ECS 1) or one 
ECS daily for seven days (ECS x7) and were then subjected 
to one-trial passive avoidance training 24 hours after the last 
ECS administration [11,12]. While ECS 1 induced no reten- 
tion deficit in rats tested 24 hours following training, sub- 
stantial impairment was evident in rats administered ECS x7 
and tested in the same fashion. A further preliminary exper- 
iment suggested that anterograde amnesia was considerably 
ameliorated in rats trained 7 days rather than 24 hours after 
the last of ECS x7 and tested 24 hours later [12]. 

The purpose of the present studies was to further define a 
model of ECS-induced memory impairment in rats which 
more closely parallels the clinical situation. Proactive and 
retroactive effect of ECS on passive avoidance retention 
were studied using an experimental paradigm which involved 
repeated ECS administration and exposure to the passive 
avoidance training condition at varying time intervals prior 
to or following ECS administration. The series of experi- 
ments was designed so as to systematically assess the follow- 
ing central issues: 

(1) Effects of a series of ECS administration versus those 
of a single treatment. 

(2) Anterograde effects on immediate and delayed recall; 
the number of ECS administrations required to induce ob- 
served effects and the degree of persistence of these effects 
after the conclusion of the ECS course. 

(3) Retrograde effects on passive avoidance retention as a 
function of the length of the interval between exposure to the 
training condition and retention testing. 


METHOD 
Animals 
Male, albino rats (Sprague-Dawley) weighing 200-225 g 


were used in all experiments. Rats were housed 3 per cage in 
a temperature controlled (24°C) environment with a regular 
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FIG. 2. Effect of ECS on passive avoidance retention as a function 
of number of treatments administered. Rats were trained 24 hours 
after ECSx 1, ECSx2, ECS x4 and ECS x7 and tested 24 hours after 
training. **p<0.01, ECS vs. control; ***p<0.0001, ECS vs. control 
(Mann Whitney U test). 


12 hour light-dark cycle (7 a.m. on/7 p.m. off). Food and 
water were continuously available. 


ECS 

ECS was administered via ear-clip electrodes using a 
Medcraft clinical ECT apparatus which supplies a constant, 
preset voltage output (settings used: 130 volts, 0.75 seconds) 
in a sine-wave conformation. ECS was observed to regularly 
induce a tonic-clonic seizure lasting 20-25 seconds with full 
recovery within a few minutes. Control rats had electrodes 


applied with no current passed (sham ECS). Animals were 
administered ECS x1 or ECSx7. 


Memory Testing 


Passive avoidance training and testing were conducted 
in a two-compartment black Plexiglas  shuttle-box 
(76.2 34.3 x 50.8 cm high). The smaller (start) compartment 
of the shuttle-box was illuminated by five (7.5 watt DC) 
bulbs mounted along the top of the rear wall and separated 
from a larger dark compartment by a door which could be 
manually opened and closed from above. The floor was 
constructed of 0.6 cm diameter stainless-steel bars spaced 
1.9 cm apart and connected to a Grayson-Stadler (Model 
700) scrambled shock source. 

Both learning and retention trials were commenced at 9 
a.m. and conducted in randomized order. For the learning 
trial, each animal was initially placed in the lighted com- 
partment with the door separating the two chambers closed 
and allowed 30 seconds to freely explore that side of the 
apparatus. The door was then raised and the animal was 
allowed to enter the dark compartment. Once the animal had 
completely crossed over to the dark side (all four paws) the 
door was lowered and a 3.0 seconds, 0.5 mA inescapable 
shock was delivered via the grid floor. Immediately after the 
shock the animal was removed from the dark compartment 
and returned to his home cage. Any animal failing to cross 
from the lighted to the dark compartment within 300 seconds 
was discarded from the experiment. The latency to cross 
from the lighted to the dark compartment was recorded for 
each animal. 
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FIG. 3. Recovery from ECS induced anterograde amnesia in rats 
administered ECS x7, trained on a passive avoidance task at inter- 
vals between 24 hours and 21 days after the last treatment and tested 
24 hours after training. ***p<0.0001, ECS vs. control; *»<0.05 ECS 
vs. control (Mann Whitney U test). 
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The same procedure was used for testing (retention trial) 
except that no shock was applied if and when the animal 
crossed over to the dark side. The initial latency to cross 
(i.e., step-through latency) from the lighted to the dark 
chamber was recorded. A test session lasted a maximum of 
600 seconds. Any animals which failed to cross within 600 
seconds were removed from the apparatus and assigned a 
maximum score of 600. 


Statistical Analysis 


Differences between experimental and control groups 
were compared by Mann Whitney U test (two-tailed). 


RESULTS 


Experiment | 


The purpose of this experiment was to define the effect of 
ECS x7 on passive avoidance retention as a function of the 
interval between learning and retention trials (train-test 
interval). Rats were administered ECS <7 and exposed to a 
single learning trial on the passive avoidance apparatus 24 
hours following the final ECS. Retention was tested 1, 6, 12, 
18, 24, or 168 hours following training. Different groups of 
animals were used for each time point. The results, shown in 
Fig. 1, demonstrated a gradual decrease in step-through la- 
tency as the time period between training and testing was 
increased. By 24 hours following training there was virtually 
no retention in the ECS-treated group whereas control 
animals showed only a marginal degree of impairment. 


Experiment 2 


The purpose of this experiment was to compare the ef- 
fects of single versus repeated ECS and to assess the 
cumulative effect of repeated treatments on passive 
avoidance retention. Rats were trained 24 hours after 
ECSx1, ECSx2, ECSx4 and ECSx7 and were tested 24 
hours after training in every case. The results, summarized 
in Fig. 2, showed no effect of a single ECS but a significant 
retention deficit was present after two treatments. Two 
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FIG. 4. Effect of ECSx1 and ECSx7 on retrograde memory func- 
tion in rats trained on a passive avoidance task 24 hours (left) or 7 
days (right) before ECS administration. Rats were tested 24 hours 
following the final ECS in all cases. *»<0.001, ECSx7 vs. control; 
ECS x7 vs. ECSx1 (Mann Whitney U test). 


further ECS administrations resulted in a maximal degree of 
impairment by ECS~x4. 


Experiment 3 


The purpose of this experiment was to define the degree 
of persistence of ECS-induced anterograde amnesia by in- 
creasing the interval between the final ECS administration 
and the learning trial. Rats were administered ECS x7, were 
trained 1, 2, 5, 10 or 21 days following the last treatment and 
were tested 24 hours following training in all cases. Figure 3 
shows persistence of a highly significant retention impair- 
ment up to 5 days after the last ECS administration. By 10 
days following the last ECS significant recovery was evident 
and this was complete in rats trained 21 days following the 
last ECS and tested 24 hours later. 


Experiment 4 


The purpose of this experiment was to preliminarily 
examine the retrograde effects of single and repeated ECS on 
passive avoidance retention. Separate groups of rats were 
trained 24 hours or 7 days before treatment and, commenc- 
ing the following day, were then administered sham ECS x7 
(control), ECSx1 followed by sham ECS x6 or ECS*7. In 
all cases retention was tested 24 hours after the final treat- 
ment exposure (i.e., 8 days following the learning trial). Fig- 
ure 4 shows the results of this experiment. In rats trained 24 
hours prior to treatment inception, ECS x7 induced signifi- 
cant retention impairment which was not present in rats ad- 
ministered ECSx1 or sham treatments. However, in rats 
trained 7 days prior to ECS administration there was no 
significant difference among the three groups when tested 24 
hours after the last ECS administration. 


DISCUSSION 


These findings confirm and extend our previously re- 
ported preliminary data with regard to ECS effects on 
anterograde memory function [11,12]. We have consistently 
observed a significant impairment of passive avoidance re- 
tention in rats trained 24 hours following ECS x7 and tested 
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24 hours later as opposed to intact retention in rats tested 1 
hour following training. The present finding, confirming a 
gradual reduction in step-through latency over a 24 hour 
period between training and testing, indicates that while 
learning is intact following ECS x7, a gradual erosion of the 
memory trace (or of access to it) occurs with time. A similar 
process may occur in the case of retrograde amnesia induced 
by a single ECS; Geller and Jarvik [4], as well as other au- 
thors [5,6] studying step-through latency, have reported in- 
creased disruption of memory with passage of time from 
ECS administration. 

A cumulative effect of repeated ECS on anterograde 
memory function is supported by the presence of intact re- 
tention after ECS x1 with increasing severity of impairment 
from ECSx2 on. Finally, recovery from the anterograde 
amnesia is demonstrated by a substantial increase in step- 
through latency by 10 days following the last ECS with a 
return to control levels by 21 days. 

Previous studies on the anterograde amnestic effects of 
ECS have not utilized a paradigm combining repeated ECS 
administration with training exposure at least 24 hours fol- 
lowing the last treatment. Kopp et al. [7] demonstrated that a 
single ECS administered to mice 1-4 hours before training 
caused retention deficits in a one trial passive avoidance task 
but had no effect on memory if administered 24 hours prior to 
training. Zerbolio [24] found no retention deficit when ECS was 
administered one hour before training whereas ECS 5 minutes 
before training had a significant effect. Similar findings were re- 
ported by Gardner et al. [3] who observed a significant re- 
tention deficit following ECS administered 25 minutes but 
not 24 hours before training. A number of methodological 
factors could explain the differences in the results reported 
by these authors including ECS stimulus intensity and dura- 
tion and passive avoidance parameters such as intensity of 
footshock. It is, however, clear that by 24 hours following a 
single ECS, signficant anterograde amnesia is no longer de- 
monstrable, a finding confirmed in the present study and in 
previous reports from our laboratory [11,12]. It is thus plaus- 
ible to conclude that the deficits we observed following re- 
peated treatment were indeed a cumulative effect. 

The retrograde effects observed in Experiment 4 suggest 
that single ECS does not induce amnesia whether adminis- 
tered 24 hours or 7 days following one-trial passive 
avoidance training. The effect of ECSx1 administered 24 
hours before testing rather than 24 hours following training 
was not studied. Since the retrograde amnesia effect of ECS 
appears, on the basis of the ECSx7 experiments, to be due 
to a cumulative effect of repeated treatments, it is unlikely 
that impairment would have been seen. ECSx7 induces a 
substantial retrograde deficit when commenced 24 hours fol- 
lowing training but not when commenced 7 days following 
training. Previous studies have utilized a variety of memory 
paradigms to examine the relationship of degree of retention 
to the interval between training and ECS administration (ret- 
rograde amnesia gradient). There is considerable support for 
the conclusion that the impairing effect of a single ECS on 
retention decreases as the length of the interval between 
learning and ECS is increased [1, 8, 13]. There is however, 
some evidence that learning-ECS intervals longer than 24 
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hours may be associated with ECS-induced retention defi- 
cits. Wiener [23] administered single ECS to rats 5 minutes, 
30 minutes, 1, 3, 5, 7, 14 or 31 days following shock escape 
training in a Y maze and retested the animals 24 hours later. 
Performance loss was induced by single ECS administered 7 
or 14 days following training. The effect of multiple ECS 
(four treatments separated by 5 minutes at the same time 
intervals as in the single ECS paradigm) paralleled those of 
single ECS at 7 and 14 days but also induced deficits when 
administered 5 or 30 minutes following training. Stone and 
Bakhatiari [21] found the ECS treatments begun 30 days 
after the last learning trial in a multiple maze and continued 
for 10 days, produced performance loss on the first retention 
trial. 

These studies are not directly comparable to the retro- 
grade amnesia studies reported in this paper because of 
differences in schedules of ECS administration and different 
methodology. Length of the retrograde amnesia gradient is 
clearly related to factors such as the duration and intensity of 
the ECS current stimulus applied, the type of memory test 
used and the test parameters applied (e.g., length of time the 
animal is allowed to remain in the test chamber of the passive 
avoidance apparatus) [13]. Thus Schneider er al. [20] 
demonstrated that the length of retrograde amnesia gradient 
could be significantly increased if a 600 seconds rather than a 
30 seconds passive avoidance criterion was used. It is there- 
fore important that such factors be held constant in future 
studies utilizing the model presented here and that the exper- 
imental design be expanded to encompass groups of animals 
trained at a series of time points before ECS administration. 
Further studies should also include the use of active as well 
as passive avoidance paradigms and also positive as well 
as negative conditioning techniques. 

Notwithstanding these methodological considerations, 
the data reported here provide the basis for a model of ECT- 
induced memory impairment which closely resembles the 
clinical situation. For anterograde amnesia the findings di- 
rectly parallel those reported by Squire et a/. [18] in ECT- 
treated patients tested for recall immediately after learning 
and again 16-19 hours later. They support Squire’s [18] con- 
clusion that following ECT, initial learning is intact while 
delayed recall is significantly impaired. As observed in the 
clinical context [17], we have found the ECS-induced 
anterograde amnesia in rats to be cumulatively induced. A 
gradual recovery from anterograde amnesia was also 
demonstrated in the present findings. Weeks ef al. [22] have 
reported intact anterograde memory function in patients by 6 
weeks after a course of ECT. For retrograde amnesia the 
findings closely parallel the results reported in patients ad- 
ministered clinical ECT. Patients tested by Squire et al. [19] 
for retrograde memory function showed a similar temporal 
gradient with memory for events occurring close to the ECT 
course significantly impaired while more distant memories 
were unaffected. 

Further studies leading to a more definitive validation of 
the model proposed here are likely to be of value both in 
elucidating the possible neurochemical basis of ECT-induced 
memory impairment [9,11] and in the development of poten- 
tial treatment approaches [10]. 
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McLAUGHLIN, C. L.,C. A. BAILE AND M. A. DELLA-FERA. Changes in brain CCK concentrations with peripheral 
CCK injections in Zucker rats. PHYSIOL BEHAV 36(3) 477-482, 1986.—Evidence suggests that the satiety responses to 
peripherally administered CCK are mediated by a CNS component(s). Since CCK concentrations in the hypothalamus can 
change with degree of hunger, they may also be involved in the feeding response to peripherally administered CCK. Six-hr 
fasted rats were administered saline or 2 wg/kg CCK-8 and half were allowed to eat a meal. They were sacrificed after a 
meal or after the fast and hypothalamic content of CCK was measured by RIA. In rats injected with CCK, compared with 
those injected with saline, CCK concentrations were decreased in the ventromedial hypothalamus (VMH, 39 vs. 47 pg/mg 
tissue, p<0.004) and dorsomedial hypothalamus (17 vs. 21 pg/mg, p<0.009) and increased in the lateral hypothalamus (28 
vs. 19 pg/mg, p<0.01). CCK concentrations in fed compared with fasted rats were higher in the VMH (47 vs. 39 pg/mg, 
p<0.002) and in obese compared with lean rats CCK concentrations were higher in the paraventricular nucleus (48 vs. 38 
pg/mg, p<0.05), suprachiasmatic nucleus (46 vs. 34 pg/mg, p<0.008) and VMH (52 vs. 34 pg/mg, p<0.001). Since periph- 
eral injections of CCK influenced concentrations of CCK in hypothalamic areas associated with feeding, these results 
provide evidence that the feeding response to peripherally injected CCK may be mediated by changes in CCK content of 


specific brain areas. 


Satiety Obesity Food intake Meal size 





IN the study of the control of food intake, cholecystokinin 
(CCK) has become a leading candidate as a peptide associ- 
ated with satiety. Not only is CCK present in both the brain 
and gastrointestinal tract [11] but it appears to have both 
central and peripheral sites of action. Peripheral injection of 
CCK has decreased food intake in a variety of species under 
many conditions (e.g. [21]). The findings that the effects on 
feeding are dose-dependent and structurally specific for 
biologically active CCK peptides are also supportive of a 
Satiety role for CCK (e.g. [9,14]). 

Injection of CCK into the brain of certain species potently 
suppresses food intake. In sheep, injection of picomole 
amounts of CCK-8 into the lateral cerebral ventricles (LV) 
decreased feeding [5]. Similar results have been obtained in 
pigs [20], but rats appear to be much less sensitive to CCK 
injected into the LV [5]. In contrast, direct injection of 
CCK-8 into the paraventricular nucleus and other specific 
areas of the hypothalamus of rats decreased feeding [6, 18, 29]. 

Endogenous concentrations of CCK in both the periphery 
and the brain have been shown to change with feeding. 
Plasma concentrations of CCK in several species increased 
after a meal as demonstrated using antibodies to CCK which 
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do not cross-react with gastrin [1, 3, 13]. In the brain CCK 
concentrations in specific areas of the hypothalamus were 
found to be higher after feeding than after a fast [17]. These 
findings support the hypothesis that peripheral and brain 
CCK may have physiological roles in eliciting satiety. Brain 
receptor binding studies have also provided evidence for 
CCK as an important factor in the control of food intake. It 
has been shown in rats and mice fasted for at least 2 days that 
 CK-receptor number and binding were increased in the 
hypothalamus [8,22]; however, Hays [10] found no differ- 
ences in 96-hr fasted rats. 

Several observations support the hypothesis that there is 
an important and essential CNS component in the satiety 
elicited by peripheral injection of CCK. Total vagotomy, and 
specifically gastric, but not hepatic or coeliac, vagotomy 
abolished the satiety response to CCK [24], and evidence 
suggested that afferent, but not efferent vagal fibers were 
critical [25]. Crawley et al. have found that selective lesion- 
ing of the nucleus of the solitary tract, transection of the 
midbrain, and lesions of the paraventricular nucleus 
abolished the satiety response to peripherally administered 
CCK [4]. They hypothesized that CCK acts on peripheral 
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FIG. 1. Diagram of the areas of the brain from which samples were 
taken. AH=anterior hypothalamus, PVN=paraventricular nucleus, 
SC=suprachiasmatic nucleus, SON =supraoptic nucleus, 
DMH=dorsomedial hypothalamus, LH=lateral hypothalamus, 
VMH=ventromedial hypothalamus, OT=optic tract. 


receptors which send feeding-related information via the 
vagus to the nucleus of the solitary tract, from which the 
Signal is projected to the paraventricular nucleus. These find- 
ings provide evidence for a direct link between peripherally 
administered (or endogenously released) CCK and CNS sites 
thought to be involved in the control of food intake. 

If CCK acts as a satiety peptide, then obese animals might 
be expected to respond to CCK differently than normal- 
weight animals. Zucker obese rats, Bar Harbor obese mice 
and rats made obese by lesioning of the ventromedial hypo- 
thalamic nucleus have been found to be less sensitive than 
controls to the effects of peripherally administered CCK 
under some, but not all conditions [12, 15, 16, 28]. In addi- 
tion, concentrations of CCK in the cortex of obese mice 
were one-third those in lean mice, suggesting that the hyper- 
phagia of obese mice might be due to decreased concentra- 
tions of CCK [27]. However, other investigators found no 
difference in the CCK concentrations in the cortices of obese 
or lean rats or mice [23]. Although in genetically obese, com- 
pared with lean, rats neither CCK receptor binding nor CCK 
concentrations differed in whole hypothalamus, concentra- 
tions within specific areas of the hypothalamus—anterior, 
ventromedial and dorsomedial—were reported to be higher 
in obese rats [7, 10, 17, 23]. 

’ At present, the role of the CNS in the satiety elicited by 
peripheral injections of CCK is unclear. Since changes in 
CCK concentration have been shown to occur in fed and 
fasted rats, it is possible that peripherally administered CCK 
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results in changes in CNS CCK via the vagus which may 
mediate the feeding response. The present experiment was 
designed to investigate this possibility. Zucker obese and 
lean rats were used to evaluate whether a difference in ef- 
fects of peripherally injected CCK on CNS CCK might pro- 
vide a basis for their decreased sensitivity to peripherally 
injected CCK. 


METHOD 
Rats 


Forty-eight female Zucker rats were selected from our 
colony and were housed in individual cages under conditions 
of a 12-hr light-dark cycle and constant temperature. All rats 
were adapted to a 6-hr fast and were trained, using a constant 
reinforcement schedule, to bar press for food in an auto- 
mated feeding behavior apparatus. At all other times rats had 
ad lib access to Ralston Purina Rat Chow pellets. 


Experimental Design 


There were 24 obese and 24 lean rats weighing an average 
of 588 and 284 g respectively (p<0.001). The rats in each 
phenotype were divided into six groups of four rats by body 
weight. Within each group of four rats four treatments were 
assigned. At the end of a 6-hr fast the rats were administered 
one of four treatments: (1) injection with 1.0 ml/kg saline and 
access to food in the feeding behavior apparatus, (2) injec- 
tion with 1.0 ml/kg saline and no access to food in the home 
cage, (3) injection of 2 ug/kg CCK-8 (kindly supplied by S. J. 
Luciana, Squibb Institute) and access to food in the feeding 
behavior apparatus, and (4) injection of 2 wg/kg CCK-8 and 
no access to food in the home cage. Animals administered 
treatments 2 and 4 (fasted) were paired with animals adminis- 
tered treatments | and 3 (fed) respectively. On each experi- 
mental day fed animals were sacrificed 5 min after they had 
last pressed for food. Each fasted rat was sacrificed the same 
number of minutes after injection as the fed rat to which it 
had been paired. On each treatment day one group of lean 
and one group of obese rats, representing the four treatments 
in each, were sacrificed. 


Tissue Collection 


At the appointed time each rat was sacrificed by decapi- 
tation. The brain was rapidly removed from the cranium and 
placed on a chilled metal surface. The pituitary was removed 
and dissected into anterior and neurointermediate lobes. The 
olfactory bulbs were removed and dissected into main and 
accessory divisions. Two 1.0 mm slices of the brain were 
made, the anterior portion of the first being just posterior to 
the optic chiasma. From the anterior slice, areas designated 
anterior hypothalamus (AH), paraventricular hypothalamus 
(PVN), supraoptic nucleus (SON) and suprachiasmic nu- 
cleus (SN) were taken (Fig. 1). From the posterior slice, areas 
designated the ventromedial hypothalamus (VMH), dor- 
somedial hypothalamus (DMH) and lateral hypothalamus 
(LH) were taken. Each sample was placed in a weighed mi- 
crofuge tube and the tube was stored in dry ice until all 
samples were collected. The sample tubes were weighed and 
frozen until the following day. To each sample was added 
1.0 ml 0.1 N HCl. The samples were sonicated 20 sec and, 
after 30 min on ice, 100 yl aliquots of the supernatant, ob- 
tained by microfuging, were frozen until future radioim- 
munoassay. 
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TABLE | 
CCK CONCENTRATIONS (pg/mg TISSUE) IN HYPOTHALAMIC AREAS OF ZUCKER RATS 





Pheno- 
type 


Saline CCK p values* 


Fed Fasted Fed Fasted SEM PxT PxH 





Obese 
Lean 


Obese 
Lean 


Obese 
Lean 


Obese 
Lean 


Obese 


49 


113 
110 


74" ; . ‘ 5 J 0.025 


0.006 


Lean 35" 


Obese 19 19 18 
Lean 21 25 15 


Obese 15 16 21 
Lean 24 21 31 





Each value is the mean of 6 samples. SEM is the standard error for treatment effects in analysis of variance. 
*Probability of a significant difference, P=phenotype (obese vs. lean), T=treatment (saline vs. CCK), H=hunger (fed vs. fasted). 


TABLE 2 


CCK CONCENTRATIONS (pg/mg TISSUE) IN THE NEUROINTERMEDIATE PITUITARY (NIP) AND OLFACTORY BULBS (MAIN=MOB, 
ACCESSORY =AOB) OF ZUCKER RATS 





Saline CCK 


Pheno- 


type Fed Fasted Fed Fasted 


SEM 


p values* 


PxT PxH 





Obese 121 82 77 100 13 
Lean 83 48 73 69 


Obese 198" 90*” 187" 
Lean 96"" 


137%! 
159% 19% = 4 


Obese 61 43 59 45 
Lean 54 45 41 57 


0.007 


0.004 





Each value is the mean of 6 numbers. 
*Probability of a significant difference, P=phenotype (obese vs 


Radioimmunoassay for CCK 


Ten pul of 1 N NaOH was added to each sample, then 
assay buffer [0.05 M Tris HCI (Sigma), containing 0.1% BSA 
(Sigma) and 0.02% sodium azide (Sigma) and pH 7.8] was 
added to obtain optimal dilution for assay. The samples were 
assayed by using modifications of the method of Beinfeld e¢ 
al. [2]. Briefly, sample aliquots were incubated with 
antibody RS B90 (kindly supplied by Dr. Beinfeld, St. Louis 
University) at a final dilution of 1:100,000 and with 10,000 
cpm of 'J-gastrin (Cambridge Medical Diagnostics) in a 
volume of 1.0 ml 0.05 M Tris buffer, pH 7.8, for 48 hr. The 
trace bound to the antibody was precipitated with 200 yl 
human plasma and 1.0 ml 25% Carbowax (Fisher Scientific). 


. lean), T=treatment (saline vs. CCK), H=hunger (fed vs. fasted). 


Synthetic sulfated CCK-8 (Bachem) was used for the stand- 
ard curve. '°[-CCK-33 was displaced 50% by approximately 
3x 10-" molar CCK-8 under the conditions of Beinfeld et al. 
[2] and ™I-gastrin was displaced 50% by approximately 
6x 10-"! molar CCK-8 in the present assay system. Prepara- 
tion and properties of the CCK antiserum have been de- 
scribed previously [2]. 


Data Analysis 


Data were subjected to factorial analysis with factors of 
injection solution, feeding condition and phenotype. Signifi- 
cant interactions were evaluated using orthogonal compari- 
sons or Duncan’s multiple range tests. 





RESULTS 
Food Intake 


Meal size after IP injection of saline or CCK-8 was not 
different in obese compared with lean rats (2.57 vs. 2.70 g) 
and was smaller in CCK-injected compared with saline- 
injected rats (2.13 vs. 3.15 g, p<0.04). 


CCK Concentrations in the Hypothalamus 


Analysis of CCK concentrations in seven hypothalamic 
areas revealed significant differences among areas; thus, the 
data for each area were subjected to separate analysis. Mean 
values for each treatment group and results of a factorial 
analysis are shown in Table 1, and means and results of the 
analysis of the significant interactions are presented in Table 3. 

CCK concentrations in the AH were not influenced by 
any factor measured. Concentrations of CCK in the PVN 
were higher in obese than lean rats, and there were no main 
effects of treatment or hunger (Table 1). CCK concentrations 
in the SC were also higher in obese than lean rats across 
treatments and there were significant interactions of all three 
factors. Duncan's multiple range test of the mean values for 
the phenotype by treatment interaction revealed that while 
CCK concentrations in obese and lean rats injected with 
saline did not differ, those after CCK injection increased in 
obese rats and decreased in lean rats (Tables 1 and 3). Simi- 
lar comparisons within the phenotype x hunger interaction 
showed that in obese compared with lean fed rats concentra- 
tions of CCK were not different, but in obese rats concen- 
trations were higher after the fast and in lean rats concentra- 
tions were lower after the fast (Tables 1 and 3). Orthogonal 
comparison of the third interaction of fast and treatment 
showed that CCK concentrations in the SC were higher in 
fed, saline-injected and fasted, CCK-injected rats than in 
fasted, saline-injected and fed, CCK-injected rats (Tables 1 
and 3). While there were no main effects on CCK concentra- 
tions in the SON, orthogonal comparison of the means for a 
phenotype by treatment interaction showed that they were 
higher in obese, CCK-injected and lean, saline-injected rats 
than obese, saline injected and lean CCK-injected rats (Ta- 
bles 1 and 3). 

The areas removed from the second slice included the 
VMH, DMH and LH and CCK concentrations in these me- 
dial areas were also influenced by the factors tested. Be- 
cause there were significant main effects and interactions of 
all three factors in the VMH, a Duncan’s multiple range test 
was used to compare means, Table 1. CCK concentrations in 
the VMH were higher in obese than lean rats under each 
treatment condition except fed, CCK-injected. Comparison 
of fed vs. fasted means showed that only in obese rats in- 
jected with saline were concentrations of CCK higher in the 
fed compared with fasted conditions for phenotype and 
treatment, and comparison of saline vs. CCK injection re- 
vealed that only in obese fed rats were concentrations higher 
after saline than CCK injection. Although in the DMH CCK 
concentrations were higher in CCK-injected than saline- 
injected rats (Table 1), Duncan’s multiple range test of the 
phenotype by treatment interaction showed that the de- 
crease occurred only in lean rats. In contrast to the VMH 
and DMH, LH CCK concentrations were higher after CCK 
than saline injection (Table 1). When the phenotype by 
hunger interaction was analyzed by Duncan’s multiple range 
test, it was shown that CCK concentrations in fasted rats did 
not differ between the phenotypes and were not different 
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TABLE 3 


SIGNIFICANT INTERACTIONS OF PHENOTYPE, TREATMENT AND 
HUNGER FOR ZUCKER RATS 





Interaction Area Group 





Obese Lean 


Phenotype x Saline CCK Saline CCK 
Treatment 41" 52: 40” 278 
94! 115? 112? 91! 
29a» 18? 23" 16* 
Obese 
Phenotype x Fed Fasted Fed Fasted 
Hunger 42” 51 38” 298 
18* 26°" 28” 238» 
60" 444 482» 5 14> 
Saline CCK 
Treatment x Fed Fasted Fed Fasted 
Hunger 44! 37° 36" 43! 
102" 65" 738*" 858” 


Lean 





n=12 per cell. 

“Means with different superscripts are different, Duncan’s mul- 
tiple range test, p<0.05. 

'2Means with different superscripts are different, orthogonal 
comparisons, p<0.05. 


from the concentrations after feeding within each phenotype 
(Table 3). 


CCK Concentrations in the Pituitary and Olfactory Bulbs 


Concentrations of CCK in the neurointermediate pituitary 
(NIP) and olfactory bulbs were also affected by treatment 
(Table 2). Across treatments concentrations of CCK were 
higher in obese than lean rats (95 vs. 68 pg/mg). Analysis of 
the treatment by hunger interaction showed that after feed- 
ing, concentrations were higher than after fasting, only in 
saline-injected rats (Table 3). As in the NIP and other areas, 
concentrations of CCK in the main olfactory bulb (MOB) of 
obese rats were higher than those in lean rats (153 vs. 104 
pg/ml, Table 2). Because there was a significant interaction 
of all three factors, the mean values for each treatment were 
subjected to a Duncan’s multiple range test. Concentrations 
of CCK in the MOB of obese compared with lean rats under 
similar conditions were higher only in fasted rats injected 
with CCK. Comparison of means for each fed and fasted 
condition showed that only in lean rats injected with CCK 
were concentrations decreased, Table 3. After injection of 
CCK compared with injection of saline, concentrations were 
decreased in obese, fed rats and lean fasted rats. Analysis of 
a phenotype by hunger condition in the accessory olfactory 
bulb revealed that only in obese rats were CCK concentra- 
tions lower after a fast than after feeding, Tables 1 and 3. 


DISCUSSION 


The results of this experiment show that concentrations 
of CCK in specific portions of the hypothalamus, pituitary 
and olfactory bulbs can be influenced by peripheral injection 
of CCK. Because in a previous study CCK concentrations 
were shown to differ with phenotype and feeding, the critical 
portion of the experiment was to determine if peripheral in- 
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jection of CCK would affect CNS concentrations of CCK. 
Only in the LH was there an effect of treatment which was 
not influenced by the other factors of hunger and phenotype. 
After peripheral injection of CCK compared with saline, 
concentrations of CCK in the LH were higher, suggesting 
that there might be an inhibition of release of CCK in this 
area. In contrast, although there were interactions with other 
factors, across groups concentrations of CCK in the DMH 
and VMH were lower in CCK-injected compared with sa- 
line-injected rats. This suggests that the CCK injection might 
result in the release of CCK from these areas. The fact that 
there are opposing effects in the LH and VMH support the 
large body of evidence that these two areas play opposite 
roles in the control of food intake. Because CCK concentra- 
tions are decreased in the DMH and VMH, it is not likely 
that the CCK being measured is of exogenous origin. If pe- 
ripherally injected CCK were to cross the circumventricular 
organs of the blood brain barrier, it would most likely be 
found in the VMH and DMH, thus the increased concentra- 
tion of CCK in the LH, in the presence of decreased concen- 
trations in these areas, was not likely due to diffusion. 

There is evidence that peripherally injected CCK peptides 
may enter the brain. After injection of tritiated cerulein, a 
peptide with similar structure and actions of CCK, the 
number of counts was higher in the VMH than LH [26]. This 
finding suggested to the authors that the peptide had crossed 
the blood barrier and was selectively bound to the VMH. 
However, the VMH is also closer than the LH to the median 
eminence, a circumventricular organ without a blood brain 
barrier and there is evidence that small peptides can enter 
the brain from the bloodstream. Thus the increased counts in 
the VMH could have been the result of diffusion. Further, it 
is not clear from their work that the label was still attached to 
the peptide. 

Use of factorial design in the present experiment 
allowed comparisons to be made of effects of each factor 
plus the interaction of the factors. If there had been no in- 
teractions, description of the effects and interpretation might 
have been simplified. However, there were multiple interac- 
tions, making evaluation of the significance of the findings 
more difficult, but underlining the fact that feeding is a com- 
plex behavior influenced by several factors. The subsequent 
discussion will summarize the overall effects, then the in- 
teractions, in an attempt to evaluate the changes which oc- 
curred. 

Across treatments the only main effect of hunger was in 
the VMH, where concentrations were higher in fed than 
fasted rats. After saline injection CCK concentrations in the 
SC were also higher in fed than fasted rats. These findings 
are supported by previous work in which concentrations 
were increased in the LH as well [17]. 

The hunger condition of the rats also influenced the brain 
CCK response to peripheral injection of CCK in the SC and 
VMH. In the VMH, CCK concentrations in CCK-injected 
fed and fasted rats were similar to those in saline-injected 
fasted rats and the concentrations in the three groups were 
lower than those in saline-injected fed rats, suggesting that if 
only the latter group were truly satiated then even the CCK- 
injected fed rats were still hungry. In the SC, concentrations 
of CCK in rats injected with CCK and allowed to eat were 
like those of rats injected with saline and not allowed to eat, 
also suggesting that the rats were still hungry because they 
had eaten a smaller meal. On the other hand, concentrations 
of CCK in rats injected with CCK and not allowed to eat 
were like those of rats injected with saline and allowed to eat 
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a meal, indicating they were equally satiated. These are not 
compatible explanations and do not lead to a unified hypoth- 
esis. Alternative explanations might be that these are only 
responses to other changes occurring in these areas not di- 
rectly related to the feeding behavior being measured. 

Across treatments the main effect of phenotype was sig- 
nificant in the PVN, SC and VMH with concentrations 
higher in obese than lean rats in each area. In a similar exper- 
iment concentrations were higher in obese than lean rats in 
the VMH, DMH and AH. Although the areas in which the 
differences occurred in the two experiments were somewhat 
different, the important finding was that they were higher in 
obese than lean rats in both experiments, suggesting that the 
hyperphagia of obese rats was not due to a decrease in the 
concentrations of the satiety peptide CCK. CCK concentra- 
tions in the whole hypothalamus were not different in obese 
and lean rats [7,23] and in the cortex of obese mice were 
decreased [27]. Thus, the decreased satiety of obese rats 
might rather be due to differences in receptor binding or 
number or turnover rates in specific hypothalamic areas. 

Because obese rats have been shown to be less sensitive 
to the effects of CCK on food intake, it was postulated that 
changes in brain CCK after peripheral injection of CCK 
might be differentially affected by phenotype. In fact, such a 
treatment by phenotype interaction was demonstrated in the 
SC, SON, DMH and VMH. In lean rats CCK concentrations 
in the SC and SON were decreased after CCK compared 
with saline injection, and in obese rats they were increased. 
In addition, decreases after CCK injection compared with 
saline injection occurred only in lean rats in the DMH and 
only in obese rats after feeding in the VMH. The results 
demonstrate that injection of CCK differentially affects CCK 
concentrations in the hypothalamus of obese and lean rats, 
providing a possible mechanism for the difference in feeding 
response to CCK. However, because the changes occurred 
in several hypothalamic areas, at present it is unclear which 
are the most meaningful in regard to the differential feeding 
response to CCK. 

Concentrations of CCK were measured in the NIP but not 
anterior pituitary, where there appears to be very littlke CCK 
[2]. Although in a previous study with Zucker rats no differ- 
ences in either intermediate and posterior pituitary lobes 
were seen in obese compared with lean rats, in the present 
study concentrations in the neurointermediate pituitary (the 
two lobes combined) were higher in obese than lean rats 
across treatments [17]. In addition, CCK concentrations 
were higher in fed than fasted rats injected with saline, but 
not CCK. These changes were similar to those described for 
the SC and VMH, suggesting they may be occuring along the 
retrochiasmatic pathway suggested by Palkovits [19]. 

Concentrations of CCK have been reported to be rela- 
tively high in the olfactory bulb [2]. Separation of the 
bulb into main and accessory components in the present 
study revealed that higher concentrations were in the main 
olfactory bulb. Concentrations were higher in obese than 
lean rats and in fed than fasted rats, as has been demon- 
strated in other hypothalamic areas. It has been shown that 
CCK receptor binding in the olfactory bulb was increased 
in obese gold-thio-glucose-lesioned mice and decreased in 
fasted compared with fed rats [8,22]. Concentrations of 
CCK were higher in fed than fasted obese, but not lean, 
rats. In addition, injection of CCK decreased CCK con- 
centrations in the main olfactory bulb of lean but not obese 
rats. Thus concentrations of CCK in the main olfactory bulbs 
of obese and lean rats were differently affected by hunger 





and CCK injection in a manner similar to that in the hypo- 
thalamus. Further, these findings demonstrate a possible 
secondary role for olfactory bulb CCK in satiety. 

The areas of the brain in which concentrations were 
measured have been shown previously to be important in the 
control of food intake or to be along neuronal pathways. 
Measurement of whole hypothalamic concentrations has 
been less successful in showing differences related to feeding 
and/or obesity [7,23], while selection of areas within the 
hypothalamus has shown that there are changes which oc- 
cur. Subsequent studies have been designed to measure con- 
centrations in more specific nuclei as has been done in 
studies of the relative concentrations of peptides in specific 
areas of the brain [2]. 
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These results provide support for the hypothesis that the 
satiety effect of peripherally administered CCK may be 
mediated by the CNS, possibly by affecting concentrations 
of CCK in the hypothalamus. Stimulation of gastric receptors 
by peripherally administered CCK may affect specific areas 
of the hypothalamus via the vagus and nucleus of the solitary 
tract. Differential changes were shown within the hypothal- 
amus suggesting that these areas and/or the pathways 
traversing them are likely to be important in the CCK- 
mediated component control of food intake. Studies of syn- 
thesis and degradation rates and receptor numbers, binding 
and affinity may provide a better understanding of how brain 
CCK is involved in feeding behavior. 
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LANGHANS, W., E. SCHARRER AND N. GEARY. Pancreatic glucagon’s effect on- satiety and hepatic glucose 
production are independently affected by diet composition. PHYSIOL BEHAV 36(3) 483-487, 1986.—We tested whether 
pancreatic glucagon’s effects on satiety and hepatic glycogenolysis depend on variations in the macronutrient composition 
of the diet. Rats were kept on high carbohydrate, high fat, or high protein diets (HC-, HF- or HP-rats, respectively) and 
adapted to a 5 hour feeding (11:00—16:00)}-19 hour deprivation (16:00—-11:00) schedule. Glucagon (540 mcg/kg body weight) 
was intraperitoneally injected at 14:00. Glucagon stimulated similar amounts of hepatic glycogenolysis in HC- and in 
HF-rats and less glycogenolysis in HP-rats, but glucagon decreased food intake only in HC-rats. When HF- or HP-rats 
were prefed the HC-diet once for 1 hour (11:00-12:00) prior to injection, glucagon stimulated hepatic glycogenolysis 
similarly in both groups but decreased food intake only in HF-rats. Therefore, stimulation of hepatic glycogenolysis by 
glucagon is not sufficient to elicit satiety under all feeding conditions. The results also suggest that glucagon-induced satiety 


is not limited to carbohydrate intake. 
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INJECTION of pancreatic glucagon inhibits feeding [1, 2, 5, 
7,9, 10, 15, 21, 22, 28, 29, 31, 32, 34, 35, 36]. Plasma levels of 
glucagon increase during meals [4, 6, 14, 17, 18, 20, 24, 33], 
and when antibodies to pancreatic glucagon are injected just 
before meals, meal size and meal duration increase [19]. All 
these results support the hypothesis that pancreatic glucagon 
is involved in the control of postprandial satiety. 

McLaughlin et al. [23] recently reported that active im- 
munization against pancreatic glucagon elicits a 5% decrease 
in average daily food intake in lean and obese Zucker rats. 
While this contrasts with the acute effects of glucagon or 
glucagon antibody injection, this experiment does not cru- 
cially test glucagon’s role in meal-ending satiety for several 
reasons. First, meal size was not measured. Further, it was 
not determined whether prandial increases in portal vein 
glucagon occurred after immunization. Finally, chronic im- 
munization may stimulate compensatory physiological re- 
sponses that block glucagon’s satiety effect. 

It was originally hypothesized that glucagon elicited sati- 
ety in rats by stimulating hepatic glucose production [1, 5, 
21, 22]. Glucagon’s satiety effect has sometimes appeared 
linked to its glycogenolytic and hyperglycemic effects [9,22]. 
That the inhibitory effect of exogenous glucagon on food 


intake is blocked by selective hepatic vagotomy [12] further 
implicates the liver in glucagon’s satiety effect. Nevertheless 
several failures to associate hepatic glucose production and 
satiety have also been reported [7, 11, 28, 29, 35, 36). Thus, 
the mechanism underlying glucagon’s satiety effect remains 
an open problem. 

Previous tests of glucagon’s effect on food intake have 
not involved variations in the macronutrient composition of 
the maintenance diet. Differences in dietary macronutrient 
levels modulate glucagon’s metabolic effects [3, 13, 20, 25, 
26] and therefore might influence glucagon’s potency to elicit 
satiety. To test this relationship we compared glucagon’s 
effects on food intake, hepatic glycogenolysis and blood glu- 
cose levels in rats adapted to equicaloric diets high in carbo- 
hydrates, fats, or protein. The results indicate that, under 
these conditions, glucagon’s stimulatory effect on hepatic 
glucose production is not sufficient to account for its satiety 
effect. 


METHOD 


Male Sprague-Dawley rats (IWV, Gelting, FRG) were 
individually housed in a temperature-controlled (23+ 1°C) 





TABLE | 
COMPOSITION OF DIETS 








Casein* 

Corn starch 

Soybean oil 

Beef tallow 

Lard 

Mineral mixturet f 4.00 
Vitamin mixture+ . 3.00 
Diluent§ 40.00 





*Saurekasein (UFAG, Sursee), crude protein content 89.0%, sup- 
plemented with 1% D,L-methionine. 

+One kg mineral mixture contained: 162.14 g Ca; 80.75 g P; 66.31 g 
Na; 90.88 g K; 38.99 g Mg; 102.00 g Cl; 2.92 g Fe; 665 mg Mn; 174 mg 
Cu; 411 mg Zn; 27 mg I; 63 mg F; 13 mg Co; 9 mg Se. 

t+One kg vitamin mixture contained: 700 000 IU A; 70 000 IU D,; 
4.91 g E; 1.80 g C; 1.00 g B,; 0.60 g B.; 0.45 g B,; 1.20 mg B,,; 1.80 g 
nicotinic acid; 1.50 g pantothenate; 100 mg folic acid; 3 mg biotin; 
18.75 g choline. 

§Polyethylene powder (Lupolen, BASF, Ludwigshafen, FRG). 


colony room and kept on an artificial dark-light cycle with 
the lights off from 11:00-23:00. Rats were fed a high carbo- 
hydrate, a high fat, or a high protein diet (HC-, HF- and 
HP-rats, respectively). All three diets were of equal caloric 
density (~16 kJ/g) and contained equal percentages of vita- 
mins and minerals (Table 1). After at least 1 week of mainte- 
nance on these diets, rats were shifted to a 5 hour feeding 
(11:00-16:00), 19 hour deprivation (16:00-11:00) schedule. 
This schedule was devised in order to provide adequate 
levels of food intake during both the prefeeding (11:00—14:00) 
and food intake test (14:00-16:00) phases of the experiment, 
as described below. Rats were adapted to it and to intraperi- 
toneal injections of 1 ml 0.9% saline for 2 weeks. Tap water 
was available ad lib throughout. 

In Experiment 1A, HC- and HF- rats weighing 299-381 g 
were distributed into 4 groups (2 groups of HC- and 2 groups 
of HF-rats) matched according to body weight and preceding 
daily food intake. All rats were offered preweighed feeding 
cups at 11:00. At 13:50, the feeding cups were removed and 
weighed (+0.1 g) and, if necessary, the distribution into the 4 
experimental groups was adjusted according to the food in- 
take. Glucagon (1 ml of 180 mcg/ml glucagon-HCl, Eli Lilly, 
Bad Homburg, FRG, freshly dissolved in 0.9% saline) or 
saline (1 ml) was intraperitoneally injected at 14:00. This 
gave a mean glucagon dose of 540 mcg/kg body weight. Feed- 
ing cups were replaced immediately after the injections, and 
food intake was measured at 14:30, 15:00 and 16:00. The test 
procedure was repeated twice within 3 days with changed 
treatment groups. In Experiment 1B, glucagon’s effect on 
food intake was tested on HC- and HP-rats (232-302 g body 
weight) using the same procedure. Despite the fact that the 
glucagon dose per g body weight was slightly higher in Ex- 
periment 1B due to the use of smaller rats, the food intake 
data obtained in HC-rats did not differ between the two ex- 
periments. Therefore, the results of both experiments have 
been combined for presentation. 

In Experiment 2A, 40 HF-rats (341-411 g body weight) 
were distributed into 2 groups according to body weight and 
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15.00 16.00 14.00 15.00 16.00 14:00 15-00 “16.00 

Time Time Time 
FIG. 1. Different effects of glucagon (540 mcg/kg body weight) on 
food intake in HC-, HF-, or HP-rats adapted to a 5 hour feeding 
(11:00-16:00)}-19 hour deprivation (16:00—11:00) schedule. Intraperi- 
toneal injections of glucagon (@—®@) or vehicle (O—— O) were 
administered at 14:00. Numbers of observations for each group are 
given in parentheses. *Glucagon-injected rats ate significantly less 
than control rats, paired t-test, p<0.01. 
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FIG. 2. Different effects of glucagon (540 mcg/kg body weight) on 
food intake in HF- or HP-rats adapted to a 5 hour feeding (11:00- 
16:00)}-19 hour deprivation (16:00—11:00) schedule and offered the 
HC-diet once from 11:00 to 12:00 before intraperitoneal injections of 
glucagon (@—®) or vehicle (O— — ©) at 14:00. Numbers of animals 
for each group are given in parentheses. *Glucagon injected rats ate 
significantly less than control rats, f-test, p<0.01. 


14:00 


preceding food intake as described in Experiment 1. At 
11:00, one group (n=20) was offered the HC-diet for 1 hour 
and intake of the HC-diet was recorded. At 12:00, the HC- 
cups were replaced by preweighed HF-cups. At 13:50, 2 
groups (each n=10) of these HC-prefed HF-rats were 
matched for intake of HC-diet (11:00-12:00) and subsequent 
HF-intake (12:00-13:50). HF-rats without HC prefeeding 
were also distributed into 2 groups (each n=10) according to 
HF-intake (11:00-13:50). Glucagon (1 ml of 180 mcg/kl 
glucagon HCl) or vehicle was injected at 14:00, and food 
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TABLE 2 


EFFECT OF GLUCAGON ON AORTAL BLOOD GLUCOSE LEVEL 
AND LIVER GLYCOGEN CONTENT IN HC-RATS 





30 Min After the Injection 


Aortal Blood 
Glucose (mg/dl) 


Liver Glycogen 


Injection (mg/g wet weight) 





Control (10) 
Glucagon (10) 


111 +3 40 + 3 
131 + 5* 29 + 4* 





Values are means + SEM; number of animals in parentheses. 
*Significantly (t-test, p><0.05) different from control values. 


intake was measured as in Experiment |. In Experiment 2B, 
the effect of this dose of glucagon on food intake was tested 
in 60 HP-rats (286-389 g body weight) with and without HC- 
prefeeding using the same procedure as in Experiment 2A. 

In Experiment 3, groups of HC-, HF-, and HP-rats weigh- 
ing 244-384 g were matched for food intake and body weight 
and injected as described in Experiment | with glucagon or 
vehicle solution at 14:00. At 14:30 rats were etherized and 
laparotomized. Within 2 min, aortal blood samples (2 ml) 
were drawn into sodium-fluoride-Monovettes (Sarstedt, 
Sevelen), and slices of the left lateral lobe of the liver were 
freeze-clamped in liquid N,. Blood glucose and liver glyco- 
gen were assayed as previously described [3]. Experiment 3 
was performed separately for each diet group and included 
HF- and HP-rats which were prefed HC-diet for 1 hour ac- 
cording to the procedure used in Experiment 2. 


RESULTS 
Food Intake 


Glucagon injection reduced food intake in HC-rats signif- 
icantly, but failed to affect feeding in HF- or HP-rats (Fig. 1). 
Food intakes during the 3 hr before injections (11:00—13:50) 
were 8.9+0.1 (Mean+SE), 9.0+0.2 and 8.3+0.2 g in HC-, 
HF-, and HP-rats, respectively. 

When offered the HC-diet from 11:00 to 12:00 in Experi- 
ment 2, HF- and HP-rats ate similar amounts (4.0+0.3, and 
4.4+0.2 g, respectively). Total pre-injection food intakes 
(11:00-13:50) were also similar in HF- or HP-rats with and 
without HC-prefeeding. Glucagon injection significantly re- 
duced food intake in HC-prefed HF-rats, but HC-prefeeding 
did not restore glucagon’s satiety effect in HP-rats (Fig. 2). 
The results of glucagon injection in non-prefed HF- and HP- 
rats did not differ significantly from the values measured in 
Experiment | and therefore are not separately presented. 


Blood Glucose and Liver Glycogen 


Glucagon injections increased aortal blood glucose level 
and decreased liver glycogen content by similar amounts in 
HC- and HF-rats (Tables 2 and 3). In HP-rats, liver glycogen 
was very low, and glucagon injection appeared to produce 
less glycogenolysis than in HC- or HF-rats and failed to in- 
crease systemic blood glucose (Table 4). After 1 hour of 
HC-prefeeding, liver glycogen content was increased in both 
HF- and HP-rats, although aortal blood glucose was not sig- 
nificantly increased (Tables 3 and 4). Glucagon injection de- 
creased liver glycogen content and increased blood glucose 
level in both HF- and HP-rats after prefeeding. 


TABLE 3 


EFFECT OF GLUCAGON ON AORTAL BLOOD GLUCOSE LEVEL 
AND LIVER GLYCOGEN CONTENT IN HF-RATS WITH OR 
WITHOUT HC-PREFEEDING 





30 Min After the Injection 


Aortal Blood Liver Glycogen 
HC- Glucose (mg/g wet 
Prefeeding Injection (mg/dl) weight) 





Control (10) 93 2 23 +2 


Glucagon (10) mais: + 10 + 1* 


Control (10) 104+ 4 34 + 27 


= Glucagon (10) 148 + 11* 24 + 2*t 





Values are means + SEM; number of animals in parentheses. 

*Significantly different from control values, p<0.05 in modified 
t-tests, [16] after significant ANOVA. 

+Significantly different from corresponding values of rats without 
HC-prefeeding, p<0.05 in modified t-tests [16] after significant 
ANOVA. 


TABLE 4 


EFFECT OF GLUCAGON ON AORTAL BLOOD GLUCOSE LEVEL 
AND LIVER GLYCOGEN CONTENT IN HP-RATS WITH OR 
WITHOUT HC-PREFEEDING 





30 Min After the Injection 


Aortal Blood Liver Glycogen 
HC- Glucose (mg/g wet 
Prefeeding Injection (mg/dl) weight) 





Control (7) 96 6 
Glucagon (7) 94 3 


Control (8) 116 36 


_— Glucagon (8) 160 29 





Values are means + SEM; number of animals in parentheses. 

*Significantly different from control values, p<0.05 in modified 
t-tests, [16] after significant ANOVA. 

tSignificantly different from corresponding values of rats without 
HC-prefeeding, p<0.05 in modified t-tests [16] after significant 
ANOVA. 


DISCUSSION 


In the present experiments, adaptation to diets with vary- 
ing levels of carbohydrates, fats, and protein dissociated ex- 
ogenous pancreatic glucagon’s effects on food intake from its 
effects on hepatic glycogenolysis and systemic blood glucose 
levels. 

In rats fed the HC diet, glucagon stimulated hepatic 
glycogenolysis, increased blood glucose levels and inhibited 
food intake. In HF rats, glucagon stimulated hepatic 
glycogenolysis and increased blood glucose levels by similar 
amounts but failed to inhibit food intake. Glucagon had no 
significant effects on either hepatic glucose production or 
food intake in HP rats. These effects of glucagon on food 
intake are consistent with results obtained when glucagon 
was injected at the onset of the first meal of the dark phase 
after 12 hours of food deprivation. Under these conditions 
540 mcg/kg glucagon decreased meal size and meal duration 
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in HC-rats [9], but had only weak and inconsistent effects on 
these meal parameters in HF-rats, and had no effect at all in 
HP-rats even at a dose of 1080 mcg/kg (unpublished results). 

HC-prefeeding in HF-rats did not significantly increase 
glucagon’s potency to stimulate hepatic glucose produc- 
tion but did restore glucagon’s satiety effect. This indicates 
that glucagon satiety in HC-prefed HF-rats is not due to 
stimulation of hepatic glucose production. This result also 
shows that glucagon-induced satiety is not limited to intake 
of carbohydrates, which is interesting in light of the growing 
evidence for nutrient-specific satiety mechanisms [27]. HC- 
prefeeding in HP-rats_ clearly restored glucagon’s 
hyperglycemic but not its satiety effect. Thus, the effect of 
HC-prefeeding that restored glucagon’s subsequent potency 
to inhibit feeding in HF-adapted rats appears not to occur in 
HP-adapted rats. 

Differences in liver glycogen and blood glucose levels in 
the three dietary adaptation groups do not appear to explain 
glucagon’s varying potency to inhibit feeding. Basal aortal 
blood glucose was obviously higher in HC rats than HF rats 
or HP rats. Blood glucose levels after glucagon injection, 
however, appeared only slightly higher in HC-rats and HC- 
prefed HF-rats than in HF-rats without prefeeding. Since 
increases in blood glucose can inhibit food intake in HF-rats 
[8], the glucagon-induced hyperglycemia might explain the 
restoration of glucagon’s satiety effect in HC-prefed HF- 
rats. This interpretation, however, cannot be applied to HC- 
prefed HP-rats, in which food intake was not inhibited despite 
that blood glucose levels after glucagon injection were higher 
than in all other groups. Therefore, these results provide a 
clear dissociation between glucagon’s hyperglycemic and 
satiety effects. This dissociation might occur either because 
a glucose-sensitive satiety mechanism becomes less sensi- 


tive in HP-rats or because glucagon’s satiety effect is inde- 
pendent of blood glucose levels and hepatic glucose release 
in HP-rats. HP-rats also had the much lower basal liver 
glycogen levels than HC or HF rats. Similar low levels of 
liver glycogen have been observed in rats schedule-fed (2 
hour feeding/22 hour deprivation) 60 or 90% casein-diets 
[30]. 
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The dose of pancreatic glucagon that we used (about 540 
mcg/kg) appears high in comparison to endogenous glucagon 
levels measured during meals of these diets (0.3-1.0 ng/ml 
hepatic portal vein blood [20]). Although lower doses of 
glucagon administered intraperitoneally under different 
conditions [10], intrajugularly [36], or intraportally [21] have 
inhibited feeding, it has not yet been demonstrated whether 
satiety can be elicited by glucagon injections that do not 
move circulating glucagon concentration out of the physi- 
ological range. In the absence of knowledge of the rate of 
absorption of the intraperitoneally injected glucagon into the 
blood or of the time or site of its satiating action, it remains 
possible that exogenous glucagon inhibits feeding by mimick- 
ing a normally occurring effect of endogenous glucagon. At 
present, however, the most direct support for the hypothesis 
that endogenous glucagon signals satiety is the report that 
injection of antibodies to glucagon at meal onset increases 
meal size [19]. 

To summarize, the results clearly demonstrate that stimu- 
lation of hepatic glucose production by glucagon is not suffi- 
cient to elicit satiety under all feeding conditions. It is there- 
fore possible that glucagon’s satiety effect depends on some 
effect of glucagon that is independent of the stimulation of 
hepatic glucose production. This effect apparently occurs 
during HC-feeding, is absent during HF- or HP-feeding, and 
is restored by some consequence of HC prefeeding in HF- 
but not HP-adapted rats. These results complement previous 
dissociations of glucagons hyperglycemic and satiety effects 
in humans [28,29] and in rats during sham feeding [11], per- 
forming operant tasks for food [35], after different periods of 
food deprivation [7], or receiving intrajugular glucagon in- 
jections [36]. 
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STRUBBE, J. H., J. KEYSER, T. DIJKSTRA AND A. J. A. PRINS. /nteraction between circadian and caloric control of 
feeding behavior in the rat. PHYSIOL BEHAV 36(3) 489-493, 1986.—Feeding at the beginning of the night is probably 
dependent on the rat’s immediate energy requirements while feeding at the end may have an anticipatory function. This 
latter feeding peak may be mainly controlled by a circadian pacemaker. The aim of this study was to investigate the relative 
contribution of satiety signals and circadian pacemakers in the control of feeding behavior. Food intake was monitored 
after infusion of liquid food into the stomach during several parts of the day-night cycle to prevent a possible influence of 
oral sensations. It is demonstrated that intragastric infusion is more effective in suppressing intake during daytime and the 
first half of the dark phase than during the second half of the dark phase. Suppressions of food imake are mainly due to 
delaying the first occurrence of food ingestion, whereas the size of that meal is less affected. During the last period of the 
night no significant delay could be brought about. These experiments suggest that in the rat a circadian pacemaker 
dominates feeding motivation during the end of the night thereby strongly interacting with caloric control of feeding 


behavior. 
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WILD rats (Rattus norvegicus) eat most of their food in the 
dark [5]. Feeding and drinking activities of these rats are 
predominantly bimodal with peaks at the beginning and an- 
other towards the end of the night. Current concepts suggest 
that the patterning of feeding and drinking of rats is the result 
of selection pressures acting within the ecological niche [1, 
11, 28]. Under laboratory conditions nocturnality is also 
displayed by wild [21] and domesticated rats [i, 22, 24]. 
Feeding at the end of the dark phase may enable the rat to 
tide over the light phase without incurring a large energy 
deficit [12, 25, 28, 29]. Feeding during these times may 
thereby have a more ‘‘anticipatory’’ function than feeding 
during other periods of the day-night cycle where food might 
be digested and metabolized more directly. It has been re- 
ported that rats augment their energy stores such as adipose 
tissue [1], liver glycogen [18] and stomach content [2] in ad- 
vance of the light phase. Thus at the end of the night rats eat 
despite high levels of energy content. Therefore it is possible 
that the regulation of feeding behavior is not necessarily 
triggered by signals reporting energy deficits alone. 

In previous studies we showed that feeding at the end of 
the dark phase can be phase-shifted by light onset but not by 
food deprivation schedules. We then suggested that a circa- 
dian pacemaker, which is entrained to light onset, increases 
the rat’s motivation to feed at the end of the night [12, 25, 
28]. It is possible that during these times pacemaker activity 
interacts with ‘‘satiety signals.’’ There is some evidence that 
a daily variation in the potency of post prandial satiety 
mechanisms occurs [15,16]. Satiety signals may arise from 
the oropharyngeal cavity [7,8], the digestive tract [9, 10, 14, 
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17], the blood stream [19, 28] and the reserve tissues [19,26]. 
Recent views indicate that a strong feedback signal reporting 
the caloric content of the stomach or of the intestines mainly 
determines short term control of feeding behavior [6, 14, 17]. 

The aim of the present study is to investigate the relative 
contribution of the influence of satiety signals and the influ- 
ence of the circadian pacemakers in the control of feeding 
behavior. This is performed by studying feeding behavior 
after infusion of liquid food in the stomach during several 
parts of the day-night cycle, thereby preventing a possible 
influence of oral sensations. 


METHOD 


Animals and Housing 


Nine male Wistar rats, weighing 300-420 g were kept in 
two sound attenuated rooms on a light-dark regime (LD 
12:12). In the artificial day-night rhythm 0-12 hr was the light 
period and 12-24 hr the dark period. They were housed in- 
dividually in perspex cages (40x 40x40 cm) on a rigid wire 
mesh floor. Food pellets of normal lab chow (Muracon, 
Trouw, Putten The Netherlands) in metal food hoppers were 
available ad lib. Food hoppers were regularly filled during 
the light phase. Body weight was measured daily. The room 
was thermostatically controlled at 21+0.2°C. 


Surgery and Infusion Procedure 


Before surgery the rats were adapted to the cages and 
light regime for 2 weeks. A silicon rubber tubing (i.d. 0.8, 
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FIG. 1. Pattern of mean food intake (g) per 30 minutes. The figure 
presents the (mean+SEM) of 7 control days without infusion. Black 
area on top indicates the dark phase (n=9). 


o.d. 1.4 mm) was inserted and fixed into the antrum wall of 
the stomach. The opening of the cannula extended 0.7 cm 
into the stomach lumen. The tubing was drawn under the 
skin and slipped over a bent stainless steel tube (i.d. 0.6, 0.d. 
0.9 mm) and finally fixed onto the skull with dental cement. 
Four small screws served to anchor the cement to the 
skull. A polyethylene tubing (i.d. 0.75, o.d. 1.45 mm) was 
attached to one end of this steel tube and on the other end to 
a pump. Torsion was prevented by a small swivel joint [27]. 
The tubings were counterbalanced by a small weight which 
kept them just tight in order to allow undisturbed behavior. 
In addition, the tubings were protected against biting by a 
steel spring. The whole infusion system remained fixed to 
the skull continuously. The rats were adapted to this situa- 
tion for another 2 weeks before the experiments started. 


Infusions 


Infusions of liquid food (Nutrison, N. V. Nutricia 
Zoetermeer, The Netherlands) or water were given into the 
stomach on different times during the day-night cycle. Day 
and night were divided into 3 hr periods (light phase 0-3, 3-6, 
6-9, 9-12 hr and dark phase 12-15, 15-18, 18-21 and 21-24 
hr). Infusions were given during the first 30 min of these 3 hr 
periods except during the light phase in periods 1-3, i.e., 0-3, 
3-6 and 6-9 hr, when the rats normally eat a very low and 
variable amount of food. Subsequently feeding behavior was 
measured. Only one treatment per day was given. The 
treatments i.e., no infusion (control), solvent infusion, or 
food infusion were arranged in counterbalanced sequences. 
These were randomly assigned to a given rat. Each treatment 
was given on a separate day. During the 30 min of infusion a 
volume of 6 ml was infused at a rate of 0.2 ml/min. 

The powdered food (Nutrison) consisted of 22.5% 
protein, 18% fat, 54% carbohydrate, 5.5% minerals, vita- 
mins and water. Energy content amounted 19.85 kJ/g. The 
powder was diluted with water to 37.5% (w/v). This liquid 
food passed easily through the infusion tubings. This diet 
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FIG. 2. Food intake (g) per 3 hr period in controls, i.e., no infusion 
(C), solvent infusion (S) and food infusion (F). The black bar indi- 
cates the amount of liquid diet infused as grams of normal food 
yielding the same amount of energy. Black area on top indicates the 
dark phase. The time of infusion is expressed as a dashed bar on top 
(n=9), ***p<0.005. 


was chosen because protein and carbohydrate contents were 
quite similar to that of lab chow. 

The Muracon lab chow consisted of 20% protein, 5% fat, 
53.3% carbohydrate and 21.7% minerals, cellulose and 
water. Energy content amounted to 17.8 kJ/g. Six ml of Nu- 
trison solution contains 44.4 kJ. This amount of calories was 
about the same as that taken in a normal lab chow meal (2.5 g 
Muracon). 


Feeding Behavior 


A rat could gnaw off pieces of food through vertical stain- 
less steel bars situated in front of the hopper. Spillage was 
collected in an undertray attached to the food hopper. Each 
food hopper’s weight was sampled by a programmed micro- 
processor every tenth of a second. Every second the mean 
weight was calculated and stored on a digital magnetic cas- 
sette tape if it was different from the previous weight. Cas- 
sette recordings were reduced by a program on a PDP-8 
computer to retrieve the real size and timing of meals. An 
Esterline Angus event recorder was used to monitor feeding 
behavior directly, thereby obtaining a visual check on the 
computer data. Feeding sequences of at least 1 minute which 
were separated from each other by non-feeding intervals 
greater than 15 min were considered as separate meals. 


Statistical Analysis 


Feeding parameters i.e., amount eaten (g) and number of 
meals were measured over 3 hr periods in which the treat- 
ments were given. A 3 factor ANOVA was applied to the 
data on amount eaten in the experimental period, latency and 
size of the first meal. The factors were ‘‘period,”’ ‘‘treat- 
ment’’ and “‘rat.’’ Treatments tested were solvent and food 
infusion. Since there was only one observation in every cell 
no three way interactions could be tested. However, it was 
possible to test for factor effects and for the two way in- 
teractions. Treatment effects on food intake, latency and 
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TABLE 1 


LATENCY (MIN) BETWEEN THE START OF INFUSION AND THE FIRST MEAL, THE SIZE OF THIS MEAL (g) AND THE NUMBER 
OF MEALS (MEAN + SEM) 





Latency (min) Size first meal (g) Number/period 
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Periods 5-8 indicate periods during night time and period 4 is the period at the end of the daytime. Control (C)=no infusion, solvent 
infusion (S) and food infusion (F). For statistical analysis the values of solvent infusions were compared with those of the controls and the 


data of the food infusions with those of the solvent infusions. 
*p<0.05. 
+p<0.01 (n=9). 


meal size within periods were analyzed by post hoc compari- 
son with the paired f-test. 

We tested differences in meal frequency per period using 
the Sign test since the numbers of this variable were very 
small and often zero. The level of significance was chosen at 
p<0.085. 


RESULTS 


The feeding behavior of the rats was strongly related to 
the light-dark cycle (Fig. 1). Under normal conditions from 
3.00 hr onwards feeding activity increased gradually. During 
the dark phase two peaks were prominent, one in the first 3 
hr of the dark phase and one during the last 3 hr of the night. 
During the six hours in the middle of the night the mean 
feeding activity was relatively stable. 

In the three way ANOVA test an almost significant inter- 
action between treatment (solvent or food infusion) and 
period was found for the amount eaten. F(4,89)=2.5, 
p=0.06. 

Infusion of 6 ml of solvent did not significantly influence 
food intake if compared with controls (Fig. 2). Food infusion 
compared with solvent of the same volume led to a marked 
decrease of overall food intake, F(1,89)=64.6, p<0.005. 
However, this effect appeared to be dependent on the 
period, F(4,89)=32.8, p<0.005. A strong suppression of food 
intake was observed at the end of the light phase, p<0.005 
(t-test) (period 4) and during the first half of the dark phase, 
p<0.005 (t-test) (period 5); p<0.005 (t-test) (period 6) (Fig. 
2). During the last two periods of the dark phase a small but 
non-significant suppression was observed when food infu- 
sion was compared with solvent infusion. Food intake of the 
3 hr period following the infusion period displayed no differ- 
ences. This means that the adjustment of food intake is re- 
stricted to the 3 hr infusion period. 

When solvent is infused into the stomach the latency of 
the occurrence of the first meal showed a small but insignifi- 
cant increase over all periods (Table 1). The main effect of 
infusion of food on latencies of the first meal was a signifi- 
cant increase, F(1,89)=30.3, p<0.005. No interactions in any 
combination of the three factors was found. However, dur- 
ing the last period of the night no significant effect of food 
infusion on latency was found (t-test). 

Solvent infusions did not affect the size of the first meal 


taking all periods together, compared with controls. After 
food infusions compared with solvent infusion, an overall 
significant decrease of meal size occurred F(1,89)=9.8, 
p<0.005. However, meal size did not show significant 
changes in each of the separate periods (/-test) (Table 1). 

The number of meals was never influenced by solveut 
infusions but after food infusion this was decreased in 
periods 4 (p<0.01), 5 (p<0.01) and 6 (p<0.05)Sign test; 
Table 1). At the end of the dark phase no significant differ- 
ences were observed between the number of meals after 
solvent or food infusion. 


DISCUSSION 


The present study demonstrates that intragastric infusion 
of food is more effective in suppressing intake during day- 
time and the first half of the dark phase than during the 
second half. This suppression is mainly due to a delay or 
cancelling of the first meal after infusion, thereby increasing 
the intermeal interval in the infusion period. No significant 
effects on meal sizes were observed in the different periods. 
Only in the overall effect a decrease of meal size was ob- 
served. These results therefore suggest that mainly meal ini- 
tiation is affected by the gradual infusion of calories into the 
stomach. 

There is strong evidence that caloric content of food may 
give rise to satiety signals from the oropharyngeal regions 
[7,8]. By infusing calories into the stomach we prevented this 
influence in our study. In our study solvent infusion (water) 
served as a control of the liquid food infusion. Solvent infu- 
sion was not able to modulate the different feeding param- 
eters compared with a non-infusion experiment. Probably 
this infusion was too slow to obtain significant effects on 
stretch receptors in stomach or intestines [10]. Caloric con- 
tent of food can also be measured by receptors in the 
stomach or intestines. The signals reporting this content are 
partly neural [17], partly humoral [14]. Among the latter, the 
gut hormones cholecystokinin and others have recently at- 
tracted much attention as potential satiety factors [9,13]. 

The adjustment of food intake to the infused calories was 
not very complete and ranged from 65 to 90% during daytime 
and the first part of the dark phase. After intragastric infu- 
sion on scheduled feeding very good adjustments propor- 
tional to the given intragastric load occurred [23]. However, 
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sometimes less precise adjustments are reported [3,30]. An 
incomplete suppression may occur because oropharyngeal 
signals are absent after infusion of food into the stomach 
[13]. Besides this, the different nature of the liquid food 
compared to ordinary lab chow may induce a less precise 
adjustment. Further it has been reported that intragastric 
loading was more effective in suppressing food intake when 
infusions took place at simulated meal times but not during 
continuous infusions or infusions during the intermeal inter- 
vals [20]. 

During the second part of the night our experiments show 
that the suppression is far less complete. During the last 3 hr 
period the first meal after infusion was not postponed. 

From this we may infer that signals reporting the amount 
of calories infused at dawn are neglected or overruled by 
other signals forcing the rat to eat in advance of the light 
phase—a period of aphagia and sleep. This possible 
‘“‘anticipatory’’ feeding during the end of the night is sup- 
ported by others who found that the stomachs of rats were 
hard packed with food at the end of the night but not during 
the beginning of the dark phase [2] suggesting that the rat will 
eat several meals without immediately digesting them [31]. 

In previous studies we shed more light on the mechanism 
behind such “‘anticipatory”’’ feeding. It was found that sup- 
pression of food intake by restricting access to food or alter- 
ing light onset act in radically different ways on the meal 
patterning. Rats compensated their caloric deficit imposed 
by food restriction at the end of the night by eating earlier in 
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the light phase. However, they never learned to anticipate by 
eating more in advance of food restriction during this period. 
It was possible to rapidly shift the marked feeding peak at the 
end of the dark phase by changing light onset [12]. It was 
shown that feeding motivation at the end of the night per- 
sisted even when access to food was prevented during this 
period in successive days [25]. From these results we 
suggested that the occurrence and maintenance of the feed- 
ing peak at the end of the night is controlled by a circadian 
pacemaker which is entrained to light onset. Besides 
rhythmic control over several physiological mechanisms 
such a circadian pacemaker controls rhythmic daily changes 
of feeding and drinking behavior [1, 4, 22, 24]. 

The present study suggests that a circadian pacemaker 
dominates feeding motivation during the end of the night 
thereby interacting with the signals reporting the amount of 
calories in the intestines. The latter signals may contribute 
more to satiety during other parts of the day-night cycle 
where feeding is dependent on the rat’s immediate energy 
requirements. 
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MORALI, G., G. HERNANDEZ AND C. BEYER. Restoration of the copulatory pelvic thrusting pattern in castrated 
male rats by the intracerebral implantation of androgen. PHYSIOL BEHAV 36(3) 495-499, 1986.—The characteristics of 
duration, vigour, frequency and rhythmicity of pelvic thrusting during copulation were studied by an accelerometric 
technique in 25 male rats before castration and following restoration of sexual behavior by local implants of testosterone 
propionate (TP) in the medial preoptic area (mPOA). Twenty-one Ss displayed the complete copulatory pattern during the 
control tests. Implantation of TP in the mPOA restored mounting activity after castration in 14 out of 21 Ss and only six of 
them ‘‘ejaculated.’’ Spinal cord structures involved in pelvic thrusting of castrated Ss implanted with TP were presumably 
not exposed to circulating androgen since the sexual accessories were atrophic; in spite of this, only modest differences 
were found in the characteristics of pelvic thrusting, i.e., an increase in the duration of the mounting trains of the TP 
implanted Ss. Present data suggest that activation of mPOA-anterior hypothalamic neurons would not only affect limbic 
and cortical areas related to sexual arousal through their ascending connections but would also modulate through descend- 


ing pathways, the activity of lower spinal structures involved in copulation. 
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COPULATION in the male rat involves the performance of 
a complex series of visceral and motor events requiring the 
coordinated activity of cerebral and spinal structures. Tes- 
tosterone (T) or its metabolites facilitate male sexual behav- 
ior by acting on the central nervous system. A critical site for 
the hormonal stimulation of male sexual behavior is the me- 
dial preoptic area-anterior hypothalamic continuum since T 
implants in this region restore sexual behavior in castrated 
rats [4, 5, 11, 15]. The behavior stimulated by T intracerebral 
implants seem complete to the extent that these rats display 
mounting, intromission and ejaculation behavioral patterns. 
However, Davidson [5] has noted that ‘‘analysis of the be- 
havior of animals with hypothalamic-preoptic implants 
showed that the restored behavior was not completely nor- 
mal in many cases.”’ A plausible explanation for deviation 
from the normal copulatory pattern is a lack of androgenic 
stimulation of the lower neural structures involved in male 
copulation. 

The possibility that sex steroids act at the spinal cord 
level to modulate some components of male copulation is 
supported by several data. Thus, androgen has been found to 
accumulate in spinal cord neurons of the lumbosacral region 
[22], including some sexually dimorphic nuclei (spinal nu- 


cleus of the bulbocavernosus and dorsolateral nucleus) 
which innervate muscles participating in penile reflexes [3, 
12, 20}. A more direct evidence for the participation of sex 
steroids in the regulation of spinal reflexes comes from the 
studies of Hart [8,9] showing that penile reflexes displayed 
by spinal transected rats are greatly enhanced by the local 
implantation of androgen in the lumbar region of the spinal 
cord. It is therefore also possible that some of the temporal 
or dynamic characteristics of the copulatory thrusting pat- 
tern were under the control of androgen. In this case, the 
thrusting pattern of castrated rats in which sexual behavior 
had been restored by local implants of testosterone in the 
medial preoptic area (mPOA) should deviate from the pat- 
tern displayed by intact rats. To test this possibility, we 
compared the characteristics of the pelvic thrusting pattern 
displayed by male rats before castration with those shown by 
the same animals following the restoration of sexual be- 
havior by local implants of testosterone propionate (TP) in 
the mPOA. 


METHOD 
Subjects (Ss) were 25 adult male Wistar rats. They were 





TABLE 1 


COPULATORY ACTIVITY DISPLAYED BY MALE RATS AS INTACTS, 
AND FOLLOWING CASTRATION AND TP IMPLANTATION INTO 
THE POA (MEAN OF INDIVIDUAL MEANS + SD) 





Castrated 


Intact +TP (POA) 





n 25 25 

% Ss with mounts 88 567 

% Ss with intro- 88 324 
missions 

% Ss with ejacu- 88 24t 
lations 

% Tests with mounts 91 134 

% Tests with intro- 91 7t 
missions 

% Tests with ejacu- 91 4t 
lations 

Number of mounts 4.7 
per test 

Number of intro- 6.3 
missions per test 

Number ofintromis- 6.3 
sions before ejaculation 

Mountlatency (sec) 68 

Intromission latency 181 
(sec) 

Ejaculation latency 
(sec) 

Postejaculatory 
interval (sec) 


2.8 (13) 9.0 + 7.5 (14) 


2.4 (13) 6.5 + 4.3 (8) 
+ 2.3 (13) 9.4+2.5 (6)* 


114 (13) 410 + 236 (14)t 
207 (13) 719 + 310 (8) 


408 + 180 (13) 889 + 434 (6)7 


402 + 34 (13) 499 + 65 (6)t 





Numbers in parentheses represent the number of Ss upon which 
these data were calculated. 

Comparisons of number of responses and latencies were made in 
those Ss showing sexual behavior when intact and after castration 
and TP implantation as dependent samples. 

*p<0.05; tp<0.01; $p<0.001 as compared with the intact condi- 
tion. 


kept in a room at 23°C under a controlled reversed light dark 
cycle (14 hr light: 10 hr dark) and fed with Purina rat chow 
and water ad lib. 

The motor characteristics of the copulatory responses of 
the Ss were studied in two tests of sexual activity separated 
by four days. For testing, the rat was placed in a cylindrical 
observation cage ('/16 inch Plexiglas, 53 cm diameter, 42 cm 
high). After a five min adaptation period in the observation 
cage, the male was presented with a stimulus female previ- 
ously ovariectomized and treated with 5 ug estradiol ben- 
zoate three times per week. The following behavioral varia- 
bles were measured: a, number of mounts, mounts with pel- 
vic thrusting but without vaginal penetration; b, number of 
intromissions, mounts with pelvic thrusting and the behav- 
ioral indications of vaginal penetration: c, mount latency, 
time from the introduction of the female into the cage to the 
first mount; d, intromission latency, time from the introduc- 
tion of the female into the cage to the first intromission be- 
havioral pattern; e, ejaculation latency, time from the first 
intromission to the ejaculation pattern; f, postejaculatory 
interval, time from the ejaculation pattern to the next intro- 
mission pattern. Tests were terminated when: a, the intro- 
mission latency was greater than 15 min; b, the ejaculation 
latency was greater than 30 min; c, the postejaculatory inter- 
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FIG. 1. Typical records of a mount (M), an intromission (1), and both 
a short and a long ejaculatory (E) behavioral pattern displayed by a 
Ss as intact and after castration and implantation of TP into the 
preoptic area (POA). 


val was greater than 15 min; or d, the rat had ejaculated once 
and started a second copulatory series. 

In all these rats a polygraphic recording of the electrical 
signals generated by an accelerometer during copulation was 
taken. The technique for recording the copulatory move- 
ments has been described in detail elsewhere [1]. A cloth 
harness was adapted to the rat without causing it any dis- 
comfort. The harness carried a strain gauge transducer 
(Grass, SPA 1, 12 g weight) that measures acceleration in 
one plane. The accelerometer was connected to a DC Grass 
preamplifier coupled to a Grass 7B polygraph. The duration 
of the thrusting train at mounting, intromission and ejacula- 
tory patterns, as well as the rhythmicity and frequency of the 
pelvic movements in every individual response were meas- 
ured and analyzed as previously described [1,2]. An on-line 
analysis of the periodicity and dynamic characteristics of 
pelvic thrusting during copulation was made by using a 
Nicolet 100 A frequency analyzer which provided com- 
puterized spectra of the frequencies prevailing in the indi- 
vidual thrusting trains. 

The males were castrated under ether anesthesia. Three 
weeks after castration males were tested to assess that no 
sexual activity was longer shown, i.e., no mounting activity 
should be displayed in a 15 min period. When this criterion 
was met TP was bilaterally implanted into the mPOA of the 
Ss. Under ether anesthesia, stainless steel, 24 gauge can- 
nulae containing about 0.3 mg crystalline TP at their tips, 
were stereotaxically implanted 1 mm anterior to bregma and 
descended 7 mm below the dura. They were kept in this 
position by using NuWeld caulk, and the skin was then su- 
tured with thread. Beginning ten days after surgery, the rats 
were tested weekly for sexual activity until 40 days after 
implantation. After the last behavioral test, Ss were 
anesthetized with ether. The seminal vesicles and ventral 
prostate were dissected out and weighed. Males were then 
perfused through the heart with saline followed by 10% for- 
malin. Twenty-four hours later, the cannulae were removed 
and the brain dissected out from the skull and immersed in 
10% formalin. Brains were embedded in paraffin and cut in 
40 4m transversal sections. Every fifth section was collected 
and stained with Luxol Fast blue for histological examina- 
tion to determine the location of the cannulae. 

Proportions of responsive Ss as well as proportions of 
tests with sexual activity were compared by x? tests. For all 
the behavioral parameters analyzed individual means and 
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TABLE 2 


CHARACTERISTICS OF THE MOTOR COPULATORY RESPONSES OF 
MALE RATS AS INTACTS, AND FOLLOWING CASTRATION AND 
TP IMPLANTATION INTO THE POA (MEAN OF 
INDIVIDUAL MEANS + SD) 





Castrated 


Intact +TP (POA) 





Duration (sec) 
Mount 0.436 + 0.08 0.511 + 0.10* 
(12) (11) 
0.276 + 0.06 0.301 + 0.07 
(12) (7) 
0.714 + 0.21 0.585 + 0.21 
(9) (2) 
1.112 + 0.13 1.082 + 0.09 
(6) (3) 


Intromission 
Ejaculation (short) 


(long) 


Frequency of pelvic thrusting 
(movs/sec) 

Mount 18.40 + 1.26 17.20 + 0.79* 
(12) (11) 
19.34 + 1.83 19.46 + 1.70 
(12) (6) 
19.37 + 1.25 19.10 + 1.55 
(12) (4) 


Intromission 


Ejaculation 





Mean duration of short and long ejaculatory thrusting trains are 
presented separately. Frequency of pelvic thrusting is similar in 
short and long ejaculatory trains, so they were pooled. 

Numbers in parentheses show the number of Ss upon which the 
means were calculated. 

*p<0.05. 


means of means were calculated for both the intact and the 
experimental condition. Comparisons were made by Stu- 
dent’s paired t-tests and by Wilcoxon tests. Group differ- 
ences were considered significant when p<0.05 (two-tailed 
test). 


RESULTS 


Most Ss, 21 out of 25, displayed the complete copulatory 
pattern during the control tests (see Table 1). Ss not showing 
ejaculatory behavior were discarded from the experiment. 
Analysis of the polygraphic records obtained during these 
control tests allowed us to accurately determine the duration 
of pelvic thrusting at the mounting, intromission and ejacu- 
lation behavioral patterns (Fig. 1, Table 2). 

Frequency spectrum analysis of these signals generated 
during sexual activity showed that thrusting was highly 
rhythmical with a predominant frequency between 20 to 21 
Hz (Fig. 2). 

Sexual behavior disappeared in all Ss within one month 
after castration. Implantation of TP in the mPOA or the 
anterior hypothalamus restored mounting activity in 14 out 
of 21 Ss. Intromission patterns were displayed by eight Ss 
and only six of them ‘‘ejaculated.’’ Most effective implants 
were located in the dorsal part of the mPOA-anterior hypo- 
thalamus. Implants located in other areas (medial hypothal- 
amus) only induced sporadic mounts in isolated tests, or no 
sexual activity at all. Ejaculatory behavior took around two 
weeks to reappear after TP implantation, and it was shown in 
a relatively low proportion of the tests (see Table 1). TP 
implanted Ss displayed more mounts per test and showed 




















INTROMISSION 

FIG. 2. Frequency analysis of the pelvic movements performed by 
intact and castrated males implanted with TP into the preoptic area 
(POA) during the mount and intromission patterns. Upper graphs: 
three sec records of the signals generated by the accelerometer dur- 
ing mounts and intromissions. Note the similar fusiform organiza- 
tion of mounts performed in the two experimental conditions. Lower 
graphs: frequency analysis of the signals generated during an 8 sec 
period within which individual responses were performed. Fre- 
quencies analysis ranges from zero to 50 Hz. Note that the analysis 
of the responses in both the intact and the TP implant conditions 
shows a single peak around the 19 to 22 Hz band (cursor location at 
the peak of the record obtained during the mount of the intact condi- 
tion indicates a value of 20.625 Hz while it shows 20.375 Hz for the 
mount performed by the castrated, TP implanted male). Intromis- 
sions have in both cases a slightly higher frequency value (cursor 
indicates 21.25 Hz for the intact male and 21.00 Hz for the castrated, 
TP implanted male). 


longer mount and intromission latencies and longer 
postejaculatory intervals than when intact (see Table 1). The 
vigour, frequency and temporal organization of the copulat- 
ory pelvic thrusting shown by the Ss after castration and TP 
implantation were almost indistinguishable from those pre- 
viously shown by the Ss when intact (Table 2, Figs. 1 and 2). 
The only difference found was a slight increase in the dura- 
tion of the mounting thrusting trains of the Ss after castration 
and TP implantation and a reduction in the frequency of 
thrusting at mounting. Sexual accessories of castrated Ss 
implanted with TP were atrophic. Thus, the ventral prostate 
of these Ss weighed 39.4+ 11.5 mg (mean+SD) and the semi- 
nal vesicles 54.9+ 18.3 mg while the weight of these organs in 
a group of 9 intact males were 490.6+ 50.6 mg for the ventral 
prostate and 458.0+35.0 mg for the seminal vesicles. 


DISCUSSION 


Implantation of TP in the mPOA-anterior hypothalamic 
continuum induced sexual activity in 56% of our castrated 
rats. This proportion is somewhat lower than that reported 
by other workers [4,5] using a similar experimental proce- 
dure. However, for the main purpose of our study this differ- 
ence is irrelevant since we obtained an adequate number of 
responsive Ss to establish the characteristics of the motor 
copulatory pattern in TP implanted rats. This procedure, 
i.e., intrabrain implantation of steroids, presumably limits 
the action of the hormone to the neighboring area, an as- 
sumption supported by our failure to observe androgenic 
stimulation in the sexual accessories of the animals. There- 
fore, it appears likely that the spinal cord structures involved 
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in pelvic thrusting were also not exposed to significant 
amounts of circulating androgen. 

The accelerometric technique provides information on 
several parameters of the copulatory motor pattern, namely 
the frequency of pelvic thrusting and the acceleration, ampli- 
tude and duration of each pelvic thrust. Moreover, the tem- 
poral organization of pelvic thrusting can be determined by 
power spectrum analysis. These two techniques combined, 
as in the present study, should allow us to detect even subtle 
differences between thrusting patterns. Surprisingly, how- 
ever, pelvic thrusting executed during sexual activity 
facilitated by TP implants in castrated rats were mostly in- 
distinguishable from that displayed by these same Ss when 
intact. This finding indicates that spinal neurons related to 
the organization of pelvic thrusting during copulation in the 
male rat can function fairly well without direct androgenic 
stimulation. On the other hand, it appears likely that the 
androgen (dihydrotestosterone) retained by lumbar 
motoneurons in the rat [22] modulates the activity of the 
various striated muscles involved in penile responses [21] 
which were not assessed in this study. Little is known about 
the neuronal mechanism controlling the motor aspects of 
male copulation. However, some speculations can be made 
on the nature of this system from our knowledge of other 
neural systems generating rhythmic, repetitive movements 
such as those controlling locomotion, swimming, flying, 
scratching and some forms of tremor [6, 7, 10, 24]. As the 
above mentioned behaviors, pelvic thrusting is characterized 
by fixed temporal and spatial relations between the dis- 
charges in different motor pathways, a kind of activity 
presumably reflecting the properties of a ‘‘neural pattern 
generator’ [14]. This type of system comprises the following 
elements: an oscillator, coordinating neurons, motoneurons 
and command or triggering neurons. Most of these elements 


are located in the spinal cord, excepting the command 
neurons that are often located in supraspinal levels. Com- 
mand neurons regulate the output of this neural system by 
triggering the motor pattern but not contributing to its struc- 
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ture. The present results suggest that the command neurons 
for the neural pattern generator involved in pelvic thrusting 
are located in the mPOA-anterior hypothalamic region. This 
suggestion is consistent with studies in rats [16,23] and other 
mammals (opossum [19]; rhesus monkey [18]) showing that 
electrical stimulation of this area facilitates and often ini- 
tiates male copulatory behavior. Moreover, Oomura ef al. 
[17] found that clear neural changes in the mPOA of the male 
monkey are related to the initiation of sexual behavior. Most 
interestingly, according to these workers, the activity of 
single preoptic neurons shows maximal levels at the begin- 
ning of mounting but abruptly decreases during the devel- 
opment of copulation in the monkey. This suggests that me- 
dial preoptic neurons trigger but do not drive the activity of 
lower brain stem and spinal reflex mechanisms involved in 
the motor components of copulation. The excitability of 
preoptic-anterior hypothalamic neurons in the male rat is 
modulated by androgen, as shown by the electrophysiologi- 
cal findings of Kendrick [13] who found that castration signif- 
icantly lengthens the refractory period of preoptic-anterior 
hypothalamic neurons projecting out into the medial fore- 
brain bundle (a pathway known to be important for normal 
display of the male sexual response) while treatment with TP 
reduces the neuronal refractory period to the lowest level at 
the same time (5 days) as it restored mounting behavior. 

In summary, the above data point to the mPOA-anterior 
hypothalamus as the main region of the central nervous sys- 
tem on which single sex steroids act to facilitate the display 
of male pelvic thrusting during copulation. Activation of 
these neurons would not only affect limbic and cortical areas 
related to sexual arousal through their ascending connec- 
tions but would also trigger through descending pathways 
the activity of lower spinal structures involved in copulation. 
This certainly does not exclude the possibility that hormone 
implants into other areas of the brain, which are known to 
project to the mPOA-anterior hypothalamus, and which are 
hormone sensitive, might also be capable of re-establishing 
male sex behavior. 
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LEEDY, M. G. AND B. L. HART. Medial preoptic-anterior hypothalamic lesions in prepubertal male cats: Effects on 
juvenile and adult sociosexual behaviors. PHYSIOL BEHAV 36(3) 501-506, 1986.— Bilateral lesions of the medial 
preoptic-anterior hypothalamic (MP-AH) area were made in prepubertal male cats at 6-8 weeks of age. All subjects were 
subsequently reared in groups containing male and female peers, until the last phase of the juvenile period when an adult 
estrous female was inserted in these social groups. In spite of such optimal conditions for the practice of sociosexual 
behaviors during development, no sparing of adult male copulatory behavior was observed in these MP-AH animals during 
testing in adulthood. This finding, while consistent with earlier work on dogs, contrasts with the results obtained in 
prepubertally lesioned rats. Urine spraying, another sexually dimorphic behavior which is eliminated by MP-AH lesions in 
adult cats, was spared by prepubertal lesion placement. Heterotypical sexual behavior was not enhanced by prepubertal 
MP-AH lesion placement, as it is with postpubertal placement. In the present study, therefore, different behavioral systems 
influenced by the MP-AH area showed varying degrees of plasticity. As found in dogs, prepubertal MP-AH lesions 


enhanced and accelerated testosterone secretion in cats. 
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THE importance of the medial preoptic-anterior hypotha- 
lamic (MP-AH) area in the mediation of male sexual behav- 
ior is documented by the findings that in adult males, 
MP-AH lesions eliminate or markedly impair male copulat- 
ory responses in every species studied, including rats [2, 3, 
13], cats [7,11], dogs [5], goats [6], and rhesus monkeys [15]. 
However, when the MP-AH lesions are placed in prepubertal 
males, prior to the emergence of adult male sexual behavior, 
the effects are not consistent. Male rats with prepubertal 
lesions reared in isolation show the usual lesion effects, 
while males given comparable lesions and reared in groups 
with both sexes display normal sexual behavior [14,17]. In 
contrast, when MP-AH lesions are placed in prepubertal 
male dogs [8] or rhesus monkeys [4], the impairment of sex- 
ual responding is, if anything, more profound than when 
such lesions are placed in adult animals, even though the 
subjects are raised in groups containing male peers. Given 
the consistency with which MP-AH lesions placed in adult 
males impair male sexual behavior in all species studied, the 
sparing of sexual behavior in some, but not all, species merits 
further exploration. 





One goal of the present study was to determine if the 
sparing of function can occur following prepubertal MP-AH 
lesions in the cat, a species in which the effects of MP-AH 
lesions in adult males have been demonstrated. The experi- 
ment was designed to maximize the opportunity for males 
with prepubertal lesions to interact sociosexually with both 
males and females during the postoperative rearing phase. 

This study was also designed to examine 3 other aspects 
of early MP-AH lesion placement. First, since MP-AH le- 
sions placed in adult cats markedly reduce sexually dimor- 
phic urine marking (spraying) [12], one goal of this study was 
to determine if sparing of this behavior would occur as it 
does in prepubertally lesioned male dogs [8]. Secondly, the 
effect of prepubertal MP-AH lesions on female sexual re- 
sponding was measured since previous work indicates that 
such lesions increase these tendencies when placed in adult 
male cats [11]. Thirdly, the influence of prepubertal MP-AH 
lesions on gonadal androgen secretion during development 
was assessed since similar lesions in dogs result in an accel- 
eration and enhancement of the pubertal rise in testosterone 
secretion [9]. 


‘Supported in part by Grant MH12003 from the National Institute of Mental Health. The assistance of Drs. J. M. Davidson and E. Smith, 
Department of Physiology, Stanford University Medical School, in conducting the radioimmunoassay procedures is gratefully acknowledged. 


The technical assistance of Christi Dean is also acknowledged. 


2Present address: Department of Anatomy, The Ohio State University, 1645 Neil Avenue, Columbus, OH 43210. 


’Requests for reprints should be addressed to B. L. Hart. 





METHOD 
Subjects 


The subjects were 16 male kittens born over a 10 month 
period in the laboratory. Eight kittens had bilateral MP-AH 
lesions placed at 6-8 weeks of age, while the remaining 8 
received sham operations. Until 9 months of age, all kittens 
were housed in groups of 5—10 animals, consisting of animals 
with lesions, control animals, and 2-4 females of the same 
age. Beginning at 4 months of age, an adult female cat in 
behavioral estrus was present in the home colony pen. When 
the male subjects reached 9 months of age, they were then 
placed in all-male groups of 3-6 animals each. Individual 
perches were available at all times. All subjects were pro- 
vided with care that met or exceeded federal guidelines. 


Stereotaxic Procedures 


Anesthesia was induced by ketamine HCl, and surgical 
anesthesia was maintained by the inhalant anesthetic 
fluothane. Heart rate, body temperature, and respiratory 
rate were monitored and maintained within optimal limits by 
reguiating the anesthetic level. 

Bilateral MP-AH lesions were placed using the x-ray ven- 
triculography method as has been reported in detail 
elsewhere [8,15]. Briefly, this consisted of injecting a 
radiopaque contrast medium (0.1 ml meglumine iothalamate, 
60%) into the third ventricle to outline adjacent structures. 
An electrode was then directed so as to pass through the 
caudal edge of the anterior commissure, and to rest 1.0 mm 
above the optic chiasm, 1.0 mm lateral to the midline. These 
electrode placements were confirmed by radiographs prior to 
making lesions. A Kopf model RFG-4 radio-frequency 
generator and Kopf model K 13882 electrode, with thermis- 
tor tip (0.7 mm tip diameter exposed for 1.5 mm) were used 
to make the lesions. The current was gradually raised over 30 
sec until the tissue at the electrode tip was 67°C, and the 
tissue was maintained at this temperature for 60 sec. The 
procedures for sham operations were the same except the 
electrode was lowered only to the level of the anterior com- 
missure and no current was passed. 

Following surgery, the kittens were allowed to recover 
for 24-48 hr in a ventilated chamber, with a heating pad 
available at all times. A highly palatable canned cat food was 
available during the first postoperative week. Once the 
animals were alert, active, and eating and drinking normally, 
they were reintroduced to a colony pen housing other kittens 
of similar age. Although they appeared to be able to maintain 
normal body temperature following the early postoperative 
period, as determined by periodic body temperature meas- 
urements, a heating pad was available to them for approx- 
imately 3 weeks. 


Behavioral Observations During Juvenile Development 


Beginning at 8 weeks of age and continuing until 7 months 
of age, two 30 min observation periods were conducted each 
week. During these observation periods, social play fights 
and sociosexual behaviors were recorded. For social play 
fights, the number of times an animal initiated a play fight by 
swatting, biting, chasing, or pouncing on another kitten was 
recorded as ‘‘fights initiated.’’ The number of times each cat 
was the recipient of such attacks was recorded as “‘fights 
received.’’ The sociosexual behaviors recorded during ob- 
servation periods included neck grips, mounts, anogenital 
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FIG. 1. Composite illustration of MP-AH lesions in all subjects. 
Transverse sections are drawn from plates 14.5, 14.0, 13.5 and 13.0 
of Snider and Niemer [16] and arranged top to bottom, respectively. 
The blackened area represents lesioned area including region of de- 
generation. The dotted line outlines the MP-AH region. 


investigations, flehmen displays, and the occurrence of urine 
spraying. 


Behavioral Testing Procedures in Adult Subjects 


At approximately 7 months of age, all subjects were in- 
troduced to the testing chamber in which subsequent tests of 
adult sexual behavior would be conducted. The testing 
chamber was a 2X2X2.3 m, semi-acoustically insulated room 
with a one-way window for observation. An exhaust fan 
provided sound masking noise. To accustom the subjects to 
the testing chamber, twice weekly each animal was placed 
overnight in the chamber along with a behaviorally estrous 
female. No observations of behavior were made at this time. 
This procedure for overnight adaptation continued until sex- 
ual behavior tests were started at 10 months. For those 
animals not mating during the structured tests, overnight 
sessions continued for the duration, but never on the night 
prior to a scheduled mating test. 

During these overnight sessions, the occurrence of urine 
marks (spraying) was noted by inspecting the chamber walls 
each morning. To aid in the detection of such marks, and to 
distinguish urine marks of male subjects from those of 
stimulus females, 0.5 ml sodium fluorescein was injected 
subcutaneously in the subjects prior to placing them in the 
chamber. Urine marks were detected with an ultraviolet 
lamp [10]. 

Male sexual behavior tests. All the subjects received 2 
series of 10 tests for male sexual behavior. For the first series 
of tests, beginning at 10 months of age, the male subjects 
were gonadally intact. Prior to the second series, begun at 13 
months of age, all subjects had been castrated and had re- 
ceived 2 subcutaneous implants of crystalline testosterone- 
filled 50 mm Silastic tubes (i.d., 1.57 mm; o.d., 3.18 mm), at 
least 2 weeks earlier. Previous work has shown that one such 
implant is adequate to restore male sexual behavior in cas- 
trated male cats [11]. The tests were at 3 to 4 day intervals. 

In all tests, the male subject was placed into the testing 
chamber a few minutes prior to the introduction of a stimulus 
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FIG. 2. Mean number of play fights initiated and received (+SEM) 
during juvenile observation periods. 


female which had been brought into behavioral estrus with 2 
injections of 0.2 mg estradiol cypionate (ECP), given 2 and 4 
days prior to testing. Observations were made on the occur- 
rence by the male of a properly oriented mount, pelvic 
thrusting while mounting, and intromission. The tests were 
terminated after 15 min if the male intromitted; if no intro- 
mission occurred during this time, the tests were extended 
an additional 15 min. 

For purposes of analysis, a graded score of male behavior 
was determined by assigning | point per test for mounting, 
pelvic thrusting, and intromission. Thus the maximum score 
for the 10 tests was 30. 

Female sexual behavior tests. Following the last test of 
the first series of male sexual behavior tests, all subjects 
were castrated, and 2 weeks were allowed for recovery. 
They then each received 3 injections of 0.5 mg ECP, 48 hr 
apart. Beginning 48 hr after the last injection, 3 tests were 
given at 3 to 4 day intervals in which the subject was placed 
in the testing chamber with a sexually active stud male. The 
tests lasted for 15 min unless fighting occurred, in which case 
the test was terminated immediately. At least 2 different stud 
males were used during the testing, and all the studs were 
allowed to mate with receptive females from time to time to 
maintain their vigor. Behavioral measures were taken relat- 
ing to both proceptive and receptive behaviors [11]. The fol- 
lowing proceptive measures were recorded: (a) non- 
aggressive approach to the stud male and (b) rubbing of the 
shoulders or head against the stud male or on the floor of the 
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testing chamber in a solicitous fashion (neck grip solicita- 
tion). Measures of receptivity to a stud male’s mount were as 
follows: (a) crouching of the front legs and shoulders while 
elevating the pelvic region (pelvic elevation), (b) alternate 
stepping movements of the hind legs (treading), and (c) 
movement of the tail to either side (tail deviation). 

A composite score for proceptive behavior for the test 
series was obtained by giving | point, per test, for approach- 
ing the stud and | point for neck grip solicitation. The 
maximum obtainable score for proceptivity was thus 6. A 
composite score for receptivity also was obtained by giving | 
point each, per test, for pelvic elevation, treading, and tail 
deviation. The maximum obtainable score was thus 9. 

Prior to each test for female behavior, the subjects were 
observed for receptive responses to manual stimulation. The 
stimulation consisted of grasping the nape of the neck and 
gently rubbing the perineal area. In estrogen-treated female 
cats, this stimulation usually evokes pelvic elevation, tread- 
ing, and tail deviation [11]. During each test, subjects re- 
ceived | point for each response yielding a maximum of 9 
points for the 3 tests. 

Analysis of serum testosterone levels. Blood samples 
were taken for radioimmunoassay of serum testosterone 
levels at 2 week intervals, beginning at 10 weeks of age and 
continuing until 44 weeks of age. The samples of | ml were 
taken from the jugular vein within 2 min after the subject was 
restrained. All blood samples were allowed to clot at room 
temperature, and the serum was collected and kept frozen 
until the assays were performed. Testosterone levels were 
measured by the radioimmunoassay method of Frankel e¢ al. 
[1] with minor modifications. The interassay coefficient of 
variance was 4.3%, and the intra-assay coefficient of vari- 
ance for the assays was 4.8%. 

Post mortem examination of the brain. All subjects were 
deeply anesthetized and the brains were perfused with phys- 
iological saline followed by 10% buffered formalin. The 
brains were blocked in the same plane used during the 
stereotaxic surgery and were stored in formalin until sec- 
tioned at 40 m on a freezing microtome. Representative sec- 
tions, at about 0.2 mm intervals, were stained with cresyl 
violet and examined for location and extent of the lesions. 


RESULTS 


Following surgery all subjects remained friendly and re- 
sponsive toward human handlers. Gain in body weight 
throughout the developmental and behavioral observation 
periods did not differ between the MP-AH subjects and the 
control animals (p>0.10). 

Histological examination of the brains revealed that the 
lesions in all the cats were in the designated MP-AH area. 
Lesions for all subjects are shown in Fig. 1. 


Behavioral Observations During Development 


Measures of play fights did not differ between the control 
and MP-AH animals. Both groups of subjects showed high 
levels of play fighting during the early period of development 
(weeks 8-20) with the number of interactions per observation 
period gradually declining until about 28 weeks of age, and 
remaining low throughout the final observational periods. 
No difference was seen between the 2 groups for either the 
number of play fights initiated or received per observation 
period (Fig. 2). 

Signs of sexual behavior were virtually nonexistent in 
both MP-AH and sham subjects during the juvenile observa- 
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tion period. No mounting or neck grips were observed until 9 
months of age, just prior to the separation of the sexes and 
the start of sexual behavior testing. No significant difference 
in the number of genital inspections of other cats (male or 
female), or the number of flehmen responses displayed in 
conjunction with the genital investigations was found be- 
tween the MP-AH and sham groups (Fig. 3). 

Urine spraying was observed 8 times during the juvenile 
observation periods. These were accounted for by 4 different 
cats, all with MP-AH lesions. With one exception, all spray- 
ing incidents occurred at around the time of puberty (weeks 
24-34). No control subject was observed spraying. Only | cat 
sprayed in the testing chamber during the overnight adapta- 
tion sessions. This was 1 of the 4 animals with a lesion which 
had been observed spraying during the juvenile observation 
period. 


Behavioral Tests in Adulthood 


Male sexual behavior. Six of the 8 sham-operated animals 
mounted, showed pelvic thrusting, and intromitted on at 
least 1 of the 10 tests in the first series. The other 2 subjects 
achieved an intromission at least once in the second series of 
tests, given 3 months later (Table 1). In contrast, only 1 of 
the animals with MP-AH lesions showed any male sexual 
behavior in either series. On | test of the first series, this 
male mounted and exhibited pelvic thrusting and achieved an 
intromission after the initial 15 min period had elapsed. No 
other male sexual behavior was displayed by this or any 
other MP-AH animal. A mean of 0.8 intromissions per test 
was recorded in the first series in sham animals, and 1.4 
intromissions per test in the second series. As seen in Fig. 4, 
male behavior scores for the control animals were quite high. 
Analysis of variance performed on these male behavior 
scores showed a statistically significant difference between 
the 2 groups, F(1,14)=38.53, p<0.001. 

Female sexual behavior. Composite measures of both 
proceptivity and receptivity, collected in the series of tests 
for female behavior, are shown in Fig. 4. Female behavior 
was not enhanced in the animals with MP-AH lesions, com- 
pared to the sham animals. Rather, the sham animals showed 
somewhat higher levels of both proceptivity and receptivity 
than did the MP-AH animals, although neither of these differ- 
ences reached statistical significance, F(1,14)=3.48, p>0.1; 
F(1,14)=2.54, p>0.1, respectively. Receptive behaviors in- 
duced by manual stimulation were not different in the 2 
groups (Fig. 4). 

Serum testosterone levels. Individual testosterone levels 
varied considerably among subjects and samples from 1 sub- 
ject in each of the lesion and sham operated groups were 
excessively high. The data for these 2 subjects were deleted 
from the analysis. A moving average of the levels for each 
group is presented in Fig. 5. Subjects sustaining MP-AH 
lesions had higher levels beginning at week 26 and continuing 
through week 40. A finite Fourier series involving 4 cycles 
was fitted to each subject in each group and the coefficients 
from the lesion were compared with the sham operated 
group revealing an overall significant difference between the 
2 groups in the 32-42 week period (p<0.05; 2 sample test 
comparing the mean coefficients of the 2 groups). 


DISCUSSION 


By allowing male cats with MP-AH lesions to grow up not 
only in the presence of male and female peers, but also with 
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FIG. 3. Cumulative percent of MP-AH and sham subjects exhibiting 
genital inspection, flehmen and urine spraying at least once during 
the juvenile observation periods. 


adult females in behavioral estrus, this experiment provided 
optimal conditions for the practice of sociosexual behavior 
throughout the developmental period. Yet when tested as 
adults, cats reared in these conditions showed no sparing of 
copulatory behavior. In fact, when mature, the cats given 
MP-AH lesions prepubertally experienced a more profound 
deficit in copulatory behavior than have adult-lesioned male 
cats of previous studies [7,11]. In the present experiment 
only 1 subject with an MP-AH lesion intromitted and this 
was on only | test. No other MP-AH animal exhibited any 
sign of male copulatory behavior. 

Since urine spraying is eliminated or markedly reduced by 
MP-AH lesions placed in adult male cats [12], an apparent 
sparing of this behavior was experienced by the cats given 
prepubertal lesions. Four of the 8 MP-AH animals were ob- 
served to urine spray at least once during the juvenile obser- 
vation period, while no control animal was observed doing 
so. One could interpret these observations as an indication 
that the lesions may have enhanced this aspect of male be- 
havior. This difference in plasticity of the 2 behavioral 
systems—copulation and urine spraying—suggests that the 
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role of the MP-AH in the mediation of the 2 behaviors is 
somewhat different. 

In this study, male cats sustaining prepubertal MP-AH 
lesions were observed to perform flehmen on occasion. Simi- 
larly, despite a reduction in copulatory behavior, flehmen 
was still performed following MP-AH lesions in adulthood 
by male goats [6]. Although the flehmen response that typi- 
cally occurs during the male cat’s investigation of the female 
genital system is sexually dimorphic, it does not appear to be 
affected by MP-AH lesions. 

The results of the present study are remarkably parallel to 
a similar study of prepubertal MP-AH lesions in male beagle 
dogs [8]. In both studies, the impairment of male copulatory 
responses was more severe than that seen with lesions per- 
formed in adult animals. This effect on copulation contrasts 
with the effects of the lesions on other sexually dimorphic 
behaviors. A sparing of urine marking behaviors was seen in 
both cats and dogs. Likewise, the lesions did not alter play 
fighting in either species. 

Others have documented that in cats, mounting or other 
prepubertal signs of sexual behavior do not appear much 
before puberty, in contrast with many other mammals in- 
cluding dogs [18]. In the present study, the absence of pre- 
pubertal signs of sexuality in sham-lesioned male cats pre- 
cluded any observation of lesion effects occurring prior to 
the emergence of the adult sexual mating pattern, as was 
observed in dogs. 

Prepubertal MP-AH lesions in male dogs result in an ac- 
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FIG. 5. Graph of floating average levels of serum testosterone, dur- 
ing development for MP-AH and sham control animals. 





celeration and enhancement of the pubertal increase in tes- 
tosterone production [9]. The radioimmunoassay data of the 
present study revealed a similar increase in male cats. 

An issue also addressed in this study dealt with the effects 
of prepubertal MP-AH lesions on heterotypical sexual be- 
havior of the animals during adulthood. Male cats sustaining 
MP-AH lesions in adulthood and exhibiting impaired male 
copulatory behavior, display higher scores on femaie re- 
sponses than do control animals [11]. One might expect that 
prepubertal lesions, which more profoundly impair mas- 
culine behavior than adult lesions, might strongly potentiate 
feminine responding. However, this was not the case. 
Rather, the trend was for feminine responses to be suppres- 
sed in MP-AH males as compared with sham controls. This 
is parallel to similar observations in prepubertally-lesioned 
beagle dogs (Hart and Ladewig, unpublished observations). 
Indeed, in the study using adult cats, there was no evidence 
of a direct coupling of these 2 systems in that there was no 
correlation between the degree of facilitation of female re- 
sponding and the impairment of male behavior [11]. 

In comparing the lack of sparing of copulatory behavior 
following prepubertal placement of MP-AH lesions in cats, 
dogs, and monkeys with the obvious sparing of copulatory 
behavior in male rats having similar lesions, one might hy- 
pothesize that a critical difference exists between rats and 
the other species in the overall mediation of male sexual 
behavior by the MP-AH area. The implications of this differ- 
ence require further exploration. 





LEEDY AND HART 


REFERENCES 


. Frankel, A. I., E. J. Mock, W. W. Wright and F. Kamel. Char- 
acterization and physiological validation of a radioimmunoassay 
for plasma testosterone in the male rat. Steroids 25: 73-98, 1975. 
. Giantonio, G. W., N. L. Lund and A. A. Gerall. Effect of di- 
encephalic and rhinencephalic lesions on the male rat’s sexual 
behavior. J Comp Physiol Psychol 73: 38-46, 1970. 

. Ginton, A. and A. Merari. Long range effects of MPOA lesions 
on mating behavior in the male rat. Brain Res 120: 158-163, 
1977. 

. Goy, R. W., J. W. Kemnitz, J. C. Slimp, J. M. Irving and D. A. 
Neff. Preoptic lesions in prepubertal male rhesus and develop- 
ment of testicular endocrine function and behavior. Presented at 
East Coast Conference on Reproductive Behavior, June, 1979, 
New Orleans, LA. 

. Hart, B. L. Medial preoptic-anterior hypothalamic area and 
socio-sexual behavior of male dogs: A comparative neuro- 
psychological analysis. J Comp Physiol Psychol 86: 328-349, 
1974. 

. Hart, B. L. Medial preoptic-anterior hypothalamic lesions and 
sociosexual behavior of male goats. Physiol Behav 36: 301-305, 
1986. 

. Hart, B. L., C. M. Haugen and D. M. Peterson. Effects of 
medial preoptic-anterior hypothalamic lesion on mating behav- 
ior of male cats. Brain Res 54: 177-191, 1973. 

. Hart, B. L. and J. Ladewig. Effects of medial preoptic-anterior 
hypothalamic lesions on development of sociosexual behavior 
in dogs. J Comp Physiol Psychol 93: 566-573, 1979. 

. Hart, B. L. and J. Ladewig. Accelerated and enhanced testos- 
terone secretion in juvenile male dogs following medial 
preoptic-anterior hypothalamic lesions. Neuroendocrinology 
30: 20-24, 1980. 


10. 


11. 


12. 


Hart, B. L. and M. G. Leedy. Identification of source of urine 
stains in multi-cat households. J Am Vet Med Assoc 180: 77-78, 
1982. 

Hart, B. L. and M. G. Leedy. Female sexual responses in male 
cats facilitated by olfactory bulbectomy and medial preoptic/an- 
terior hypothalamic lesions. Behav Neurosci 97: 608-614, 1983. 
Hart, B. L. and V. L. Voith. Changes in urine spraying, feeding 
and sleep behavior following medial preoptic-anterior hypotha- 
lamic lesions in cats. Brain Res 145: 406-409, 1978. 


. Heimer, L. and K. Larsson. Impairment of mating behavior in 


male rats following lesions in the preoptic-anterior hypotha- 
lamic continuum. Brain Res 3: 248-263, 1967. 


. Leedy, M. G., E. A. Vela, H. B. Popolow and A. A. Gerall. 


Effect of prepubertal medial preoptic area lesions on male rat 
sexual behavior. Physiol Behav 24: 341-346, 1980. 


. Slimp, J. C., B. L. Hart and R. W. Goy. Heterosexual, autosex- 


ual and social behavior of adult male rhesus monkeys with me- 
dial preoptic-anterior hypothalamic lesions. Brain Res 142: 
105-122, 1978. 


. Snider, R. S. and W. T. Niemer. A Stereotaxic Atlas of the Cat 


Brain. Chicago: University of Chicago Press, 1961. 


. Twiggs, D. G., H. B. Popolow and A. A. Gerall. Medial preop- 


tic lesions and male sexual behavior: Age and environmental 
interactions. Science 200: 1414-1415, 1978. 


. West, M. Social play in the domestic cat. Am Zool 14: 427-436, 


1974. 





Physiology & Behavior, Vol. 36, pp. 507-512. Copyright © Pergamon Press Ltd., 1986. Printed in the U.S.A. 003 1-9384/86 $3.00 + .00 


Cholecystokinin Octapeptide and Lithium 
Produce Different Effects on Feeding 
and Taste Aversion Learning 


GREGORY N. ERVIN' AND MARTHA N. TEETER? 


’Department of Pharmacology, The Wellcome Research Laboratories 
3030 Cornwallis Road, Research Triangle Park, NC 27709 


Received 8 April 1985 


ERVIN, G. N. AND M. N. TEETER. Cholecystokinin octapeptide and lithium produce different effects on feeding and 
taste aversion learning. PHYSIOL BEHAV 36(3) 507-512, 1986.—The strengths of taste aversion induced by sulphated 
cholecystokinin 26-33 (CCK-8; 1,2,4 and 8 ug/kg IP) and lithium chloride (LiCl; 7.5, 15, 30 and 60 mg/kg IP) were 
determined in order to assess the relative aversiveness of the two compounds. All doses of LiCl induced strong aversion, 
but only the highest dose of CCK-8 induced aversion, which was mild. Effects of CCK-8 and LiCl on food intake were then 
compared in the hour (hr) following 8 hr of food deprivation; rats were on this food deprivation schedule for a relatively 
long time (78 days) throughout testing. All doses of CCK-8 reduced food intake significantly. Most doses of LiCl either did 
not affect or significantly increased food intake. Although 60 mg/kg LiCl did not affect food intake when administered 15 or 
30 min before food presentation, it significantly increased food intake when administered 1, 2 or 3 hr before food presenta- 
tion. Overeating of solid food may be an illness-induced behavior. Although a very high dose of LiCl (120 mg/kg) decreased 
food intake markedly, the rats were obviously distressed, not satiated. Failure of CCK-8 to affect feeding behavior like LiCl! 
is indirect evidence that the reduction of food intake by CCK-8 is not merely the result of aversiveness, but is an extremely 


potent and specific behavioral effect. 


Feeding behavior Taste aversion 


CCK-8 LiCl 





MUCH data is consistent with a specific satiety effect elic- 
ited by the intravenous (IV) or intraperitoneal (IP) adminis- 
tration of the C-terminal octapeptide of cholecystokinin- 
pancreozymin (CCK-8) in a number of mammalian species. 
This suggests that endogenous cholecystokinin, released as a 
consequence of food entering the duodenum, may partici- 
pate in the cessation of food intake and satiety (for reviews 
see [7, 15—18]). However, other data have been interpreted 
as evidence that exogenous cholecystokinin inhibits food in- 
take by inducing non-specific aversiveness instead of satiety; 
this either challenges a satiety role for endogenous cholecys- 
tokinin [3] or implies that satiety itself is a ‘‘mild malaise”’ 
[22]. 

The behavioral effects of CCK-8 have occasionally been 
compared with those of known aversive substances, espe- 
cially lithium chloride (LiCl). Conclusions have been drawn 
from how CCK-8 and LiCl appear alike. Because both 
CCK-8 and LiCl attenuated intracranial self-stimulation, Et- 
tenberg and Koob [4] concluded that this throws ‘‘into 
further doubt the notion that CCK mediates satiety.’’ Con- 
clusions have also been drawn from how CCK-8 and LiCl 
appear unalike. Schallert et al. [14] showed that CCK-8 and 
LiCl were different in that doses of CCK-8 which were suf- 
ficient to reduce food intake did not reduce hoarding behav- 
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ior, but doses of LiCl which reduced food intake did reduce 
hoarding behavior. They concluded that observations of 
hoarding behavior may distinguish drug-induced satiety from 
drug-induced illness. Since both CCK-8 and LiC! can induce 
taste aversion learning, they have been considered alike [3], 
but the strengths of learned taste aversion do not correlate 
with their effects on food intake [15]. We decided to compare 
the effects of CCK-8 and LiCl on food intake and a measure 
of aversiveness. 

To gauge relative aversiveness, we examined the ability 
of a range of doses of sulphated CCK-8 (1, 2, 4 and 8 
g/kg IP) and LiCl (7.5, 15, 30 and 60 mg/kg IP) to act as 
unconditioned stimuli for taste aversion learning. Then we 
compared CCK-8 (doses above) with LiCl (doses above and 
3.75 and 120 mg/kg IP) in their effects on deprivation- 
induced solid food intake. In both of these behavioral meas- 
ures, CCK-8 and LiCl were markedly different. 


METHOD 
Subjects 
Sixty male Sprague-Dawley rats (Charles River Labora- 


tories, Wilmington, MA) 14 weeks old and weighing about 
350-400 grams at the beginning of the experiment served as 
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FIG. 1. On test day 8, initial consumption of SACC was followed (in 15 minutes) by 
treatment with CCK-8, LiCl, or 0.9% NaCl alone. Shown is SACC consumption on test 
day 10 expressed as absolute intake and as a percentage of rats treated with 0.9% NaC! 
alone. CCK-8 and LiCl-treated rats were compared with 0.9% NaCl-treated rats with a 


two-way f-test for 
****D <0.0001. 


independent 


subjects. Rats were individually housed at 23°C with ad lib 
food and water and a 12-hour (hr) light-dark cycle (lights on 
0600-1800 hr). 


Learned Taste Aversion Paradigm 


CCK-8 and LiCl were compared in their ability to act as 
unconditioned stimuli for taste aversion learning. One day 
before the test began, all rats were deprived of water but not 
food at 1000 hr. On the next 10 test days, the rat rack was 
rolled over to the sink at 1000 hr and the water faucet was 
turned on (providing kinaesthetic, temporal and auditory 
stimuli to become conditioned stimuli for fluid presentation). 
On test day 1, cool tap water was made available to each rat 
for 30 min in a calibrated drinking tube equipped with a 
curved, stainless steel spout. On test days 2, 3, 4, 5, 6, 7 and 
9, tap water was presented to rats for only 15 min. (Just after 
the test day 5 drinking session and 24 hr before the test day 6 
session, rats were given ad lib food and water for 48 hr.) On 
test days 8 and 10, rats were presented only 0.25% sodium 
saccharin solution (SACC; Fisher Scientific Co., Fair Lawn, 
NJ) for 15 minutes instead of H,O. At 0900 on test day 8, 
each rat was weighed. Fifteen min after access to SACC on 
test day 8, each rat received an IP injection of either 1, 2, 4 or 
8 ug/kg CCK-8 (dissolved in 0.9% NaCl; Peninsula Labora- 
tories, Belmont, CA), 7.5, 15, 30 or 60 mg/kg LiCl (dissolved 
in double-distilled H,O; Mallickrodt, St. Louis, MO), or 
equivolume 0.9% NaCl alone (2 ml/kg). On test day 10, the 
consumption of SACC was used as a measure of taste aver- 
sion learning and as a gauge of relative aversiveness. (The 
two-bottle method of testing is more sensitive than the one- 
bottle method of testing for the detection of aversion- 
inducing stimuli. However, because the two-bottle technique 
is more sensitive, aversions of many strengths cannot be 
distinguished by saccharin consumption until numerous ex- 
tinction trials have been run. The one-bottle technique used 
here was well suited to distinguish the relative strengths of 
detectable taste aversions in one day of testing.) SACC in- 
takes on test day 10 of rats receiving different doses of 
CCK-8 or LiCl on test day 8 were compared with the SACC 
intakes on test day 10 of rats receiving 0.9% NaCl on test day 
8 with a two-way /-test for individual samples. 


samples. 


*)<0.05; **p<0.005; ***p<0.0002; 


Feeding Tests 


Three weeks after testing for learned taste aversions, rats 
were placed on a schedule of 8 hr of food deprivation. On 
feeding test day 1, rats were food deprived at 0700 hr and 
refed at 1500 hr. This occurred every day through test day 
66, when rats were placed on ad lib food access for one week 
before being returned to the food deprivation schedule for a 
last test. Rats were maintained on Rodent Blox® pellets 
(Wayne Pet Food Division, Continental Grain Co., Chicago, 
IL) and all testing was done with these pellets. All tests 
consisted of the measurement of food intake on 2 consecu- 
tive days (indicated in Fig. 2 and Tables 1, 2 and 3). On the 
first day, rats were weighed by 0900 hours. Fifteen min be- 
fore food was presented at 1500 hr, each rat received an IP 
injection of 0.9% NaCl (1 ml/kg). Five min before food was 
presented, a clean paper towel was placed beneath each cage 
to catch crumbs. Four pellets of weighed solid food was 
placed on the floor of the cage for 1 hr; then the pellets were 
collected and weighed with any crumbs recovered from be- 
neath the cage. On the second day of a test, most testing was 
the same as on the first day. However, instead of treatment 
with 0.9% NaCl alone, rats usually received CCK-8 (1, 2, 4 
or 8 wg/kg) or LiCl (3.75, 7.5, 15, 30, 60 or 120 mg/kg). Three 
groups of rats did receive 0.9% NaCl alone on the second day 
of a test, and one group received 165.47 mg/kg NaCl on the 
second day (since this dose was equimolar to 120 mg/kg 
LiCl). The injection time on the second day was also 15 
minutes before food presentation, except for four groups 
which received 60 mg/kg LiCl either 0.5, 1, 2 or 3 hr before 
food presentation. For each group, each rat’s food intake 
following treatment on the second day was compared to its 
food intake following 0.9% NaCl alone on the first day with a 
two-tailed, matched pair t-test. We arbitrarily decided to 
omit from a test any rat eating less than 2 grams of food after 
0.9% NaCl on the first test day. (On the second test day, 
omitted rats were treated with 0.9% NaCl alone.) We omitted 
some rats from testing entirely because they did not adapt to 
handling or because their food intake never stabilized. On 
those days when food intake was not measured, rats still 
were deprived of food as usual for 8 hr (except as mentioned 
above), often weighed, often injected (especially on the day 





EFFECTS OF CCK-8 AND LiCl ON FEEDING 


TABLE | 
THE EFFECTS OF CCK-8 ON DEPRIVATION-INDUCED FOOD INTAKE 





Treatment 15 Minutes 
Before Food 


Day of 
Testing 


Grams 
(Mean + S.E.M.) 


Food Intake in 1 Hour 


% (Mean + S.E.M.) 
of Preceding Day 





0.9% NaCl, | mi/kg 65 
1 wg/kg CCK-8 66 


0.9% NaCl, | mi/kg 17 
2 pg/kg CCK-8 18 


0.9% NaCl, 1 mi/kg 24 
4 wg/kg CCK-8 

0.9% NaCl, 1 mi/kg 

4 ug/kg CCK-8 


0.9% NaCl, 1 mi/kg 
8 ug/kg CCK-8 


5.97 + 0.47 
4.07 + 0.32 


3.31 + 0.34 
2.17 + 0.16 


2.57 + 0.12 
2.08 + 0.28 


4.08 + 0.38 
2.34 + 0.31 


3.92 + 0.44 
1.25 + 0.21 





*Significance determined with the two-tailed, matched-pair f-test. 


before the 2 days of measured food intake), often had paper 
towels placed beneath their cage before refeeding, and had 
four single food pellets thrown in their cages in addition to 
the return of their metal food bins at 1500 hr. 


RESULTS 
Learned Taste Aversions 


Figure 1 shows the SACC consumption on test day 10 by 
groups of rats which had received CCK-8, LiCl or 0.9% NaCl 
after their initial consumption of SACC on test day 8. Only 
the highest dose of CCK-8, 8 wg/kg, induced aversion, which 
was mild but significant (rats consumed 75.0+9.2% as much 
SACC as 0.9% NaCl-treated rats; p<0.05); 7.5 mg/kg LiCl 
induced a mild but significant taste aversion (rats consumed 
57.9+ 10.8% as much SACC as 0.9% NaCl-treated rats; 
p<0.005); and the SACC consumption of this group did not 
differ significantly from SACC consumption of 8 pg/kg 
CCK-8-treated rats. Higher doses of LiCl induced more 
marked, dose-related reductions in SACC consumption on 
test day 10. 


Feeding Tests 


Food intake was measured for 1 hr after 8 hr of food 
deprivation. Data for all feeding tests (Tables 1, 2 and 3; Fig. 
2) were collected on 2 consecutive days, and the amount of 
food which each rat consumed after a treatment of CCK-8, 
LiCl or NaCl was compared with the intake of that same rat 
on the preceding day 15 min after treatment with 0.9% NaCl 
alone. Food intake was consistent from day to day. Three 
groups of rats were administered 0.9% NaCl alone 2 days in a 
row and showed no change in feeding from one day to the 
next (Table 3). By viewing the amount of food eaten just 
after 0.9% NaCl over the course of the feeding tests, how- 
ever, it is apparent that the rats’ feeding did increase signifi- 
cantly during testing. For example, food consumption of the 
same 26 rats was measured following treatment with 0.9% 
NaCl alone on both test day 24 and test day 65. On test day 
65, these rats consumed 190.2+ 16.24% (mean+S.E.M.) as 
much food as they had consumed on test day 24 (6.66+0.43 g 
on test day 65 but only 3.71+0.21 g on test day 24). This 
change in food intake was not proportional to the increase in 


GRAMS OF SOLID FOOD (X+s.e.m.) 























Treatment NaC! LiCi 
Treatment Time 15min. - 30min 
Test Day 
N 

FIG. 2. The effects of temporal delays between the administration of 
60 mg/kg LiCl and the presentation of food on the amount of food 
eaten in | hr following 8 hr of food deprivation. The amount of food 
eaten after LiCl administration was compared to the amount eaten 
after 0.9% NaCl administration on the preceding day with a two- 
tailed, matched-pair t-test. *p<0.01; **p<0.001. 


body weight, as on test day 65 these 26 rats weighed only 
104.0+0.49% as much as they had on test day 24 
(582.8+9.65 g on test day 65 and 560.5+9.49 g on test day 
24). The increased food intake over the course of feeding 
tests seemed correlated with increased arousal elicited by 
the conditioned stimuli (i.e., injections, insertion of paper 
towels under the cages, the sounds of cages being opened 
and closed and of pellets being dropped onto cage floors), 
but we did not measure this. 

As shown in Table 1, all doses of CCK-8 (1-8 pg/kg) 
significantly lowered food intake compared to the preceding 
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TABLE 2 
THE EFFECTS OF LiCl ON DEPRIVATION-INDUCED FOOD INTAKE 





Food Intake in 1 Hour 


% (Mean + S.E.M.) 
of Preceding Day p* 


Treatment 15 Minutes 
Before Food 


Grams 
(Mean + S.E.M.) 


Day of 
Testing 





0.9% NaCl, 1 ml/kg 77 
3.75 mg/kg LiCl 78 


0.9% NaCl, 1 ml/kg 11 
7.5 mg/kg LiCl 12 


0.9% NaCl, 1 mi/kg 30 
7.5 mg/kg LiCl 31 


0.9% NaCl, 1 mi/kg 58 


4.41 + 0.63 
3.62 + 0.38 


3.21 + 0.32 
1.96 + 0.26 


3.72 + 0.32 
2.86 + 0.28 . 11.24 


5.37 + 0.37 


93.2% 12.17 


65.9 + 10.50 


15 mg/kg LiCl 


0.9% NaCl, 1 ml/kg 
30 mg/kg LiCl 


0.9% NaCl, 1 mi/kg 
60 mg/kg LiCl 


5.38 + 0.25 


4.51 + 0.36 
5.47 + 0.42 


3.28 + 0.43 
2.54 + 0.46 


0.9% NaCl, 1 mi/kg 15 
120 mg/kg LiCl 15 


3.65 + 0.33 
0.71 + 0.13 





*Significance determined with the two-tailed, matched-pair f-test. 
tp>0.05. 


TABLE 3 
THE EFFECTS OF PHYSIOLOGICAL OR HYPERTONIC NaCl ON DEPRIVATION-INDUCED OOD INTAKE 





Food Intake in 1 Hour 


% (Mean + S.E.M.) 
of Preceding Day p* 


Grams 
(Mean + S.E.M.) 


Treatment 15 Minutes 
Before Food 


Day of 
Testing N 





0.9% NaCl, 1 mi/dkg 42 13 
0.9% NaCl, 1 mi/kg 43 13 


0.9% NaCl, 1 ml/kg 46 16 
0.9% NaCl, 1 mi/kg 47 16 


0.9% NaCl, 1 mi/kg 65 10 
0.9% NaCl, 1 mi/kg 66 10 


0.9% NaCl, | mi/kg 46 13 
165.47 mg/kg NaCl 47 13 


3.94 + 0.34 
3.36 + 0.29 


3.72 + 0.30 
3.46 + 0.28 


7.21 + 0.79 
6.82 + 0.49 


3.47 + 0.26 
2.86 + 0.32 





*Significance determined with the two-tailed, matched-pair f-test. 
tp>0.05. 


day, when 0.9% NaCl alone was given. The reduction in food trol) elicited by 7.5 mg/kg LiCl, but we did not observe re- 


intake after 4 ug/kg CCK-8 in one group tested on test day 25 
(80% of control) did not fit the emerging dose-related CCK-8 
effect, but the reduction of food intake by 4 uwg/kg CCK-8 in 
another group tested on test day 31 did (60% of control). 
The effects of LiCl on food intake did not follow any 
dose-related pattern (Table 2). Clearly, 120 mg/kg LiCl sig- 
nificantly lowered food intake, but approximately half of 
these rats exhibited diarrhea and all were hypoactive. This 
hypoactivity appeared due to the Li* ion since equimolar 
NaCl (165.5 mg/kg) did not produce that effect or any reduc- 
tion in food intake (Table 3). In the first feeding test (on test 
day 12) we observed a significant decrease (to 66% of con- 


ductions in food intake in subsequent tests by the same dose, 
a lower dose (3.75 mg/kg), or higher doses (15 and 60 mg/kg). 
Interestingly, food intake was significantly elevated by 
treatment with 30 mg/kg (to 125% of control). Although 60 
mg/kg LiCl did not affect food intake when administered 15 
(Table 2) or 30 (Fig. 2) min before food presentation, this 
dose did significantly elevate food consumption when it was 
administered 1, 2 or 3 hr before food presentation (Fig. 2). 


DISCUSSION 


Weighing the relative aversiveness of CCK-8 with the 
one-bottle taste aversion testing procedure (Fig. 1) neither 
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fully evaluates the ability of CCK-8 to induce taste aversions 
nor excludes mild malaise as a possible component of the 
satiety effect of exogenous CCK-8. Taste aversions are 
graded in strength, and only the highest dose of CCK-8, 8 
pg/kg, elicited taste aversion which was very mild. With 
such mild aversions, it is difficult to say how important is 
illness and how important is the novelty of drug effects as the 
unconditioned stimulus [5]. When we induced taste aver- 
sions, this was the animals’ first exposure to either CCK-8 or 
LiCl. It would be interesting to see how the strength of 
learned taste aversions might change with prior exposures to 
these drugs. 

Comparing the ability of CCK-8 and LiCl to induce taste 
aversions does give some perspective on other behavioral 
comparisons of CCK-8 and LiCl. Smith et a/. [15] equated 2 
ug/kg CCK-8 with 76.3 mg/kg LiCl in the ability to decrease 
liquid food consumption in 18-hr fasted rats. Because they 
also compared the abilities of these doses of CCK-8 and LiCl 
to induce learned taste aversion (measured with two-bottle 
method), they concluded that the satiety effect of CCK-8 
was sensitive and selective, but that the effect of LiCl was 
nonspecific and aversive. Ettenberg and Koob [4] equated 20 
and 40 Ivy dog units/kg CCK-8 (assuming that 1 Ivy dog 
unit=0.05 ug, this was | and 2 wg/kg CCK-8) with 63.4 mg/kg 
LiCl in the ability to attenuate electrical self-stimulation of 
the lateral hypothalamus. Given likely differences in the a- 
versiveness of these doses of CCK-8 and LiCl, the CCK-8 
effect may have been a very sensitive and specific effect [9] 
but not an aversive effect. Finally, Crawley [1] compared 4 
ug/kg CCK-8 with 10 mg/kg LiCl on nine parameters of ex- 
ploratory behavior of rats. These doses of CCK-8 and LiCl 
were probably more alike in terms of relative aversiveness 
than doses of other comparisons. Yet CCK-8 produced 
changes in nine parameters of exploration just like that ob- 
served after palatable food consumption, but LiCl did not. 
This suggests that CCK-8 possesses very potent behavioral 
effects, not just nonspecific aversive effects. 

The use of learned taste aversions as a measurement of 
drug aversiveness is complicated by the time courses in- 
volved. Since taste aversions can be induced by toxicosis 
hours after the consumption of novel flavor [11], the strength 
of learned taste aversion may not sensitively reflect the rela- 
tive amount of aversiveness coming a shorter time after drug 
administration. The CCK-8 effects may be shorter than the 
LiCl effects, and this may even be reflected in the strengths 
of learned taste aversion which we measured (Fig. 1). How- 
ever, others have administered LiCl to rats soon (5—30 min- 
utes) before measuring an apparent aversive effect on the 
feeding of rats deprived for 14 or 18 hr, so aversive effects of 
LiCl appear to begin quickly [2,15]. 

In several studies, partially purified cholecystokinin or 
CCK-8 have been administered IV to lean and obese hu- 
mans. Reports of aversiveness from subjects receiving IV 
cholecystokinin are rare but have appeared [6]. In numerous 
subjects, cholecystokinin or CCK-8 decreased food intake 
and decreased the subjective response to meal preparation 
and appetite without producing nausea or sickness [8, 12, 
19-21]. 

CCK-8 and LiCl also produced very different effects on 
food intake. Several points should be clarified about our 
measurement of food intake. Rats were deprived of food 
every morning at 0700 hr and refed 8 hr later for 78 consecu- 
tive test days, except for one week after test day 67. Over the 
course of study, each rat received a dose of CCK-8 two or 
three times and a dose of LiCl four to six times, and over the 
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course of study, the quantity of food intake and the level of 
arousal around refeeding time increased dramatically. Thus, 
in addition to feeding induced by deprivation, rats progres- 
sively developed conditioned feeding. When many stimuli 
are consistently associated with feeding, those stimuli can 
elicit feeding even when rats have not been deprived [23]; we 
also observed this phenomenon in our rats following testing 
(unpublished data). 

CCK-8 consistently reduced food intake (Table 1). We 
tested the lowest dose of CCK-8 last. Although the effect 
was small, almost every rat ate less after | wg/kg CCK-8 than 
it ate on the preceding day after 0.9% NaCl (p<0.001). Had 
CCK-8 been reducing feeding simply because of a drug 
novelty effect, detection of this dose at this time in the test- 
ing schedule (test day 66) would be highly unlikely. We con- 
sider the reduction of food intake by CCK-8 to be a potent 
and specific effect. The effect of CCK-8 on feeding differed 
dramatically from the effects of our aversive standard, LiCl. 

LiCl, though probably more aversive than CCK-8, did not 
produce a consistent decrease in food intake (Table 2; Fig. 
2). One hundred twenty mg/kg LiCl did decrease food intake 
markedly, but it produced obvious illness (see ‘‘Results;’’ 
Table 2). Seven and one half mg/kg LiCl significantly de- 
creased food intake in one test but not in another test (Table 
2). The one test in which 7.5 mg/kg LiCl did reduce food 
intake was the very first feeding test, when conditioned feed- 
ing was not well established (test day 12). How our pattern of 
feeding response to LiCl depended upon conditioned feeding 
needs to be determined in further work. Others who have 
tested the effects of LiCl on food intake used rats which were 
on the deprivation schedule for much shorter periods of 
time. Deutsch and Gonzales [2] showed reductions in food 
intake of 14-hour deprived rats following 15, 30, 45 and 60 
mg/kg (IP). However, our data show that, in addition to 
LiCl’s ability to make rats eat less, LiCl causes rats with 
well-developed conditioned feeding to eat more. Rats treated 
with 30 mg/kg LiCl 15 minutes before feeding ate signifi- 
cantly more than they ate on the preceding day following 
treatment with 0.9% NaCl alone (Table 2). Rats treated with 
60 mg/kg ate significantly more when they were pretreated 1, 
2 or 3 hours before food presentation, but not when they 
were pretreated 15 or 30 minutes before food presentation 
(Table 2; Fig. 2). It is interesting that 30 mg/kg LiCl in- 
creased food intake sooner than 60 mg/kg LiCl. This suggests 
that the amount of food eaten after LiCl was the summation 
of hypophagic and hyperphagic effects. With greater doses 
of LiCl, disruptive effects on feeding delay or postpone the 
hyperphagia. The disruptive effect of 120 mg/kg LiCl was so 
great that hyperphagia did not appear in the hour tested. 

Mitchell et al. [10] showed that a high dose of LiCl, 127.2 
mg/kg IP, induced pica, the consumption of non-nutritive 
substances (in this case, dirt), over the following 3 hours. 
This kind of stimulation of the gastrointestinal tract may 
somehow assuage the feeling of nausea or illness produced 
by LiCl. Pica, then, is an illness-induced behavior [10]. 
LiCl-induced increases in solid food consumption of rats 
with conditioned feeding (Table 2; Fig. 2) may be similar to 
poison-induced pica. Rats eat more solid food in response to 
illness. It would be interesting to see if the same phenom- 
enon occurred in rats which demonstrated conditioned feed- 
ing but which were accustomed to liquid rather than solid 
food. 

It has been shown that area postrema lesions interfere 
with the ability of LiCl to induce taste aversion learning [13]. 
Such lesions might reduce both the 30 and 60 mg/kg LiCl- 
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induced hyperphagia as well as the 120 mg/kg LiCl-induced 
hypophagia. 

In conclusion, LiCl appeared more aversive than CCK-8, 
but CCK-8 consistently reduced food intake and LiCl did 
not. Others have observed similar effects with CCK-8, but 
not, to our knowledge, with LiCl. We think this may be 
because others who have studied the effects of LiCl on feed- 
ing did not maintain their rats on a long deprivation schedule. 
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In other words, when feeding has become conditioned, rats 
may more readily feed in response to illness. Although rats 
treated with LiCl might show hyperphagia, rats treated with 
CCK-8 never did. These dissimilarities between CCK-8 and 
LiCl are indirect evidence that CCK-8 does not reduce food 
intake simply because it is aversive. Our data support the 
possibility that endogenous cholecystokinin is a satiety 
signal. 
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ROWLAND, N. E., M. O. MICELI, C. W. MALSBURY, C. A. BAILE, M. A. DELLA-FERA, R. L. GINGERICH 
AND F. A. CAPUTO. Medial hypothalamic lesions in Syrian hamsters: Characterization of hyperphagia and weight gain. 
PHYSIOL BEHAV 36(3) 513-521, 1986.—Syrian golden hamsters (Mesocricetus auratus) received bilateral lesions aimed 
at the ventromedial hypothalamus (VMH) or a sham lesion. In the first study, some of the animals in each surgical group 
were housed in standard sedentary conditions while others had free access to running wheels. The lesions produced a 30% 
increase in the daily intake of chow, and this was accomplished exclusively by increased meal sizes. As a result, lesioned 
hamsters gained body weight relative to controls both on the chow diet and in a subsequent high fat diet phase. The effects 
were comparable in both sedentary and exercising groups. The lesions produced increases in body length and fat content. 
In the second study, lesions were made in the VMH or in adjacent nuclei and, after an initial period on chow, the hamsters 
were then given a choice between chow and high fat diet. The lesioned hamsters showed no unusual preference for the high 
fat diet but, as before, those with damage to the VMH or paraventricular nucleus (PVN) showed exaggerated body weight 
gain. Hamsters with these lesions were hyperinsulinemic in both fed and fasted conditions at the end of the study. 
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SYRIAN golden hamsters (Mesocricetus auratus) are unable 
to increase their meal size after fasting, and are thus limited 
in the rate at which they can regain weight after such exper- 
imental famine [5,26]. However, there are conditions under 
which 24 hr intakes may be elevated in these animals. These 
include cold exposure [8,21], lactation [9], and chronic insu- 
lin treatment [19]. In the first two of these conditions, no net 
body energy retention (i.e., lipogenesis) is involved, while in 
the third condition very high doses of insulin were neces- 
sary, and these have been shown to produce only small in- 
crements in hamster lipogenesis both in vivo [22] and in vitro 
[7]. Glucose loads were, however, ineffective in stimulating 
lipogenesis in vivo [22] which raises the issue of the role(s) of 
endogenous insulin in this species [6]. 

One of the more dramatic phenomena in the experimental 





study of feeding is the hyperphagia and obesity which follow 
lesions of the ventromedial hypothalamus (VMH). In rats, 
these effects appear to be largely a consequence of the 
hyperinsulinemia which is produced by the lesion [18]. Given 
these considerations, it is an obvious question to ask about 
the effects of VMH lesions in hamsters. One early study [15] 
reported that VMH lesions produced obesity in hamsters, 
but this effect was seen only when the animals were fed a 
preferred high fat diet of sunflower seeds, but not with low 
fat chow. However, in our previous studies on the neural 
mechanisms of reproductive behavior in female hamsters we 
found that medial hypothalamic lesions [13] or knife cuts 
lateral to the VMH and medial anterior hypothalamus [14] 
produced obesity, but these females always had access to 
both sunflower seeds and chow. More recently, we found 
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DAYS POSTSURGERY 
FIG. 1. Change in mean body weight of male hamsters given bilat- 
eral VMH lesions (VMHX) or a sham lesion on day 1. The animals 
were housed either in running wheels (WHL) or were sedentary 
(SED). For the first 14 days, the animals were fed chow; thereafter a 
high fat diet was given (Experiment 1). 


that sagittal plane cuts lateral to the medial anterior hypo- 
thalamus produced increased body weight gain in female 
hamsters fed only chow [17]. Since feeding was not a pri- 
mary focus of those studies, no formal measures of food 
intake were made. 

The present report represents independent work from two 
laboratories, presented as Experiments | and 2. In both 
cases effects of VMH lesions on intake of both chow and 
high fat diet were studied, and the data are complementary. 


EXPERIMENT 1: EFFECTS OF VMH LESIONS ON FOOD INTAKE, 
MEAL PATTERNS, AND BODY FAT CONTENT IN SEDENTARY AND 
EXERCISING MALE HAMSTERS 


This experiment, performed at the University of Florida, 
was designed to further document the circumstances under 
which hamsters will increase total food intake and whether 
exercise, which itself can increase food intake and decrease 
body fat content [5,23], would affect the expression of 
hyperphagia. 


Animals and Housing 


Male Syrian golden hamsters were purchased from 
Charles River Lakeview (LAK:LVG) at about 60 g body 
weight. Upon arrival in the laboratory they were group- 
housed for 2-3 weeks. They were then housed individually, 
half of them in running wheels with a side cage (Wahmann), 
and the other half in standard hanging stainless steel cages. 
These are the exercise and sedentary conditions, respec- 
tively. A 14L:10D photoperiod (lights on 0300-1700) was in 
effect throughout the experiment which was run as two rep- 
lications (May and September 1984) with similar results. 
Once the animals were single-housed, powdered Purina 
Laboratory chow (No. 5001) was available from jars inside 
the cage, and tap water was present at all times. A plastic 
petri dish was also provided; most animals chose to sleep on 
the dish. 


Surgery 
Bilateral VMH lesions were produced by anodal direct 
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FIG. 2. Various measures for the hamsters in Experiment 1 (see 
legend to Fig. 1 for detail). Shown (top to bottom panels) are: (1) 
mean intake of chow during the first 14 day period; (2) nose-tail 
length measured on the day of sacrifice, (3) modified Lee Index of 
obesity (see text), (4) % by weight of carcass fat at sacrifice. 
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current (1.5 mA for 10 sec) passed through a 00 insect pin 
insulated except at the tip. Under Equithesin (0.5 ml/100 g 
body weight) anesthesia, the hamsters were placed in a 
stereotaxic holder (Kopf) in the flat skull configuration (i.e., 
a line through the skull sutures lambda and bregma would be 
horizontal). The electrode was lowered 0.4 mm anterior to 
bregma, 0.5 mm on either side of the midline, and 8.0 mm 
ventral from the surface of the skull (or about 0.8 mm above 
the sphenoid bone). Sham lesions were performed by lower- 
ing the electrode 6.0 mm and passing no current. 


Procedure 


The surgery was performed about 4 weeks after the 
animals had been placed in the exercise or sedentary condi- 
tion, when the mean body weights were between 103 and 110 
g. They were maintained on powdered chow for 2 weeks 
after surgery, and were then placed on high fat diet (2 
weights of chow plus 1 weight of Crisco vegetable shorten- 
ing) for a further 7 weeks. 

Throughout the experiment, body weights were measured 
to the nearest g at weekly intervals. Wheel revolutions were 
noted every 4 days for the exercise animals, and daily means 
computed. Food intake was measured every 1-2 days during 
the chow phase, but not during the high fat diet period be- 
cause many of the sedentary animals engaged in digging and 
substantial spillage. Additionally, during the first 2 weeks, 
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the meal patterns of several lesion animals on chow were 
determined using the continuously-weighing device de- 
scribed before [23]. 

The animals were sacrificed 9 weeks after surgery. They 
were deeply anesthetized and perfused through the heart 
with formalin-saline, and the brains removed for subsequent 
frozen sectioning (40 4m), staining (Cresyl violet) and exam- 
ination. The nose-to-tail length was recorded, then the re- 
maining carcass was eviscerated (but retaining fat which was 
carefully stripped from the intestine), shaved, weighed and 
dried (110°C for 48 hr). The carcass was reweighed, pul- 
verized and extracted with petroleum ether. The loss in 
weight after two extractions was taken as fat content and 
was expressed as % of the final pre-sacrifice body weight. A 
modified Lee Index of obesity was computed as [1000 x 
(body weight, g)°**]/[nose-tail length, cm). 


Statistical Analysis 


The data were analyzed using ANOVA II and STATS 
PLUS programs (Human Systems Dynamics) and an Apple 2+ 
computer. Most data were analyzed according to a 2x2 
(surgery Xexercise) design, while body weight data were 
treated with a 3 way (surgery Xexercise x days) design with 
repeated measures on the time factor. 


RESULTS 
Histology 


The histological examination revealed that all but one 
lesioned hamster in each of the sedentary and exercising 
groups had bilateral lesions centered in the medial hypothal- 
amus. These two animals were dropped from further 
analysis. The acceptable lesions varied considerably in size, 


anterior extent, and symmetry, but involved between an es- 
timated 40 and 100% of the VMH with no encroachment into 
the lateral or dorsomedial areas. The actual amount of the 
VMH damaged did not appear to be well-correlated with any 
of the obesity measures, so no formal attempts were made to 
delineate crucial tissue involvement. This will, however, be 
addressed in Experiment 2. 


Body Weight 


The effects of the lesions on body weight are shown in 
Fig. 1. VMH lesions produced an increase in body weight of 
both exercising and sedentary hamsters. The main effect of 
surgery was significant, F(1,25)=6.02, p<0.02, but exercise 
was not, F(1,25)=0.55. There were also expected effects of 
time, F(3,75)=223.1, p<0.001, and of surgeryxtime, 
F(3,75)=16.2, p<0.001. The level of wheel activity was sub- 
stantially reduced by the lesion, and mean (SE) activity 
levels (in thousands of wheel revolutions/24 hr) were 
12.2(1.4) in sham operates and 5.3(1.3) in VMH lesion ham- 
sters (p<0.01). 


Food Intake 


The intake of chow (Fig. 2) was increased by the lesion, 
F(1,23)=11.6, p<0.01, and by exercise, F(1,23)=18.8, 
p<0.001, but there was no lesionXexercise interaction, 
F=0.46. However, subsequent f-test comparisons between 
lesion and sham groups were significant (p<0.01) only in the 
sedentary condition. The absence of a significant effect in 
the exercise groups is probably confounded by the higher 
level of exercise in the sham compared with the VMH lesion 
groups. 
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The meal pattern of VMH lesion hamsters was charac- 
terized by increased meal size. In sedentary VMH lesion 
hamsters (N=5) the meal size was 0.91+0.07 g (M+SE), 
distributed as a mean of 18 meals at regular 1-2 hr intervals 
round the clock. This is some 50% larger than the meal size 
of intact controls [23]. The mean meal size (0.68 g) was 
smaller in 4 exercise-VMH lesion hamsters, primarily be- 
cause meals during exercise periods were small. This dis- 
ruptive effect of exercise on meal size has been noted in 
intact hamsters [23]. 

The intakes of the high fat diet were calculated for days 
21-25, i.e., the period of weight gain in the lesion groups 
(Fig. 1), and for days 61-65 when no further gain was occur- 
ring. There was an overall effect of surgery, F(1,25)=6.43, 
p<0.02, with lesion hamsters eating an average of 9.5 g/24 hr 
and sham controls 8.4 g/24 hr. Neither exercise nor period of 
measurement effects approached significance. 


Carcass Measures 


The nose-tail length (Fig. 2) showed main effects of 
surgery, F(1,25)=10.98, p<0.01, and exercise, F(1,25)= 
5.84, p<0.05. Pairwise comparisons showed that the 
VMHxX-wheel animals were longer than those in other 
groups. 

The body fat content (Fig. 2) showed a main effect of 
surgery, F(1,25)=19.17, p<0.001, with both VMH lesion 
groups fatter than the corresponding sham lesion groups 
(ps<0.02). The small decrease in body fat content of exercis- 
ing versus sedentary shams was not significant. However, 
the modified Lee Index (Fig. 2) showed a main effect of 
exercise, F(1,25)=13.80, p<0.001, as well as surgery, 
F(1,25)=5.10, p<0.05. In this case the sham exercise group 
was leaner than the sham sedentary group (p<0.01). 


EXPERIMENT 2: EFFECTS OF LESIONS TO THE MEDIAL 
HYPOTHALAMUS ON FOOD INTAKE, DIETARY PREFERENCE, 
WEIGHT GAIN, AND SERUM INSULIN LEVELS IN HAMSTERS 


This study, the behavioral part of which was performed at 
Memorial University, was designed to investigate dietary 
preferences and weight gain in hamsters with medial hypo- 
thalamic lesions. In addition, serum insulin levels were 
measured both in fed and fasted conditions. 


METHOD 
Animals 


Male and female hamsters, 12-15 weeks old at the start of 
this experiment, were either purchased from the Lakeview 
hamstery or were laboratory-bred descendants of that stock. 
These latter had been weaned at 21 days of age and housed in 
sex-segregated groups of 3-5 until the start of experimental 
manipulations. 


Housing and Maintenance 


On the day of surgery, the animals were housed individu- 
ally in polycarbonate tub cages (22x44x20 cm) with wood 
chips as nesting material. The vivarium was maintained at 
21°C with a reversed 14:10 hr light:dark cycle (lights on 1800 
hr). Animals had continuous access to water and food 
(Purina Laboratory Chow No. 5001; 3.4 kcal/g), unless 
noted. 


Surgery 


Bilateral radiofrequency lesions were aimed at the medial 
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FIG. 3. Histological data for hamsters in the various lesion groups in Experiment 2. Overlapping lesion outlines indicate the area of damage 
(including the area of gliosis) included in each of the groups. Each individual lesion is traced at every level where it produced bilateral damage. 
Numbers refer to the distance (mm) anterior (+) or posterior (—) to bregma (flat skull configuration). Abbreviations: arc—arcuate nucleus; 
dmh—dorsomedial hypothalamus; lh—lateral hypothalamus; mah—medial anterior hypothalamus; ph—posterior hypothalamus; pyn—para- 
ventricular nucleus; scn—suprachiasmatic nucleus; vmh—ventromedial hypothalamus. 
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FIG. 4. Mean (SE) daily food intake, averaged over 4 day blocks, for the hamsters in Experiment 2. The groups are described in the text. 
Shown are intakes during 3 diet phases: chow only, a choice between chow and high fat diet, and a final chow only phase. Inset shows the % 


calories selected from the high fat diet during the choice phase. 


hypothalamic region. Under sodium pentobarbital (80 mg/kg) 


anesthesia, the hamsters were placed in a stereotaxic in- 
strument in the flat skull position. A 0.18 mm diameter 
teflon-coated platinum-iridium wire electrode with a 0.8 mm 
bared tip was used to produce the lesions. The electrode was 
lowered at 0.2 mm rostral to bregma and 0.5 mm on either 
side of the midline. In animals to receive lesions, the elec- 
trode was lowered 7.3—-7.7 mm below dura and, with a Grass 
LM4 radiofrequency lesion maker, 9-10 mA was passed be- 
tween the electrode tip and a rectal probe for 60 sec. In 
control animals (6 male, 6 female) the electrode was lowered 
7.0 mm and no current passed. 


Procedure 


For the first 7 weeks after surgery the hamsters had ad lib 
access to chow pellets. Intakes were recorded daily, and 
body weights weekly, during this period. At the beginning of 
the 8th week after surgery, both chow pellets and a high fat 
diet were available for a 4 week period. The fat diet was a 1:3 
w/w mixture of peanut butter (York Smoothy) and vegetable 
shortening (Crisco), available in Mason jars inside the cage 
and replenished daily. The intakes of chow (3.4 kcal/g) and 
the high fat diet (approx. 83% fat and 7.9 kcal/g) were calcu- 
lated daily and, because hamsters would have transported 
bedding into the jar, no wood chips were available during 
this phase of the experiment. 

Following the 4 weeks of high fat diet, chow pellets alone 
were again available and the intake was monitored for a 
further 16 days. The animals were then subjected to 5 feeding 
tests, the results of which will not be reported. These tests, 
performed at 5 day intervals with 15 hr food deprivation, 
involved systemic injections of cholecystokinin octapeptide, 


bombesin, thyrotropin releasing hormone, calcitonin, and 
saline. After these tests, the hamsters were fed chow pellets 
ad lib for 3 weeks during which intakes were not recorded. 

On the day prior to sacrifice, the hamsters were briefly 
anesthetized with ether and the nose-anus length was meas- 
ured. Immediately prior to sacrifice all hamsters were fasted 
for 3 hr starting 1-2 hr after the room lights went off. Half of 
them were then allowed to eat for about 5 min. The animals 
were then decapitated, and trunk blood collected, cen- 
trifuged, lyophilized, and stored frozen at —20°C for subse- 
quent assay of insulin. The brains were removed from the 
cranium and stored in 10% formalin. Coronal sections (40 
ym) were cut on a freezing microtome and stained with hot 
formal-thionin. 


Insulin Assay 


Hamster serum was assayed for insulin by the Radioim- 
munoassay Core Facility of the Diabetes Research and 
Training Center at Washington University School of 
Medicine. The radioimmunoassay used an antiserum di- 
rected at porcine insulin, '**I-porcine insulin as tracer, and 
human insulin standard. A second antibody (Linco Re- 
search, Inc.) was used to separate free and bound tracer. The 
lower limit of detection was 3 mU/ml with interassay coeffi- 
cient of variation of 12%. 


Statistics 


Body weight and food intake data were averaged as de- 
scribed below and subjected to 2 way analysis of variance 
(ANOVA) for lesion group and time block, with repeated 
measures on the time factor. 
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FIG. 5. Mean (SE) body weights of the lesioned hamsters during Experiment 2. Group means without a common letter 
notation are significantly different at that time point (p<0.05). 


TABLE 1 


EFFECTS OF MEDIAL HYPOTHALAMIC LESIONS ON GROWTH, 
ADIPOSITY, AND SERUM INSULIN LEVELS IN SYRIAN HAMSTERS 





Nose-anus 
length Lee 
(cm) Index 


Log (serum insulin, 
mU/ml) 
Fasted Fed 





15.7 + 0.1 
16.0 + 0.2 
16.2 + 0.2 


2.15 + 0.23 
3.02 20.17" 
3.28 + 0.64* 


3.19 + 0.23 
3.84 + 0.20* 
3.87 + 0.66 


I+ I+ I+ 
wrarw 


15.6 + 0.4 
16.3 + 0.4 


2.54 + 0.38 
2.80 + 0.26 


3.61 + 0.68 
3.21 + 0.38 


SE B&R 


I+ I+ 
ne 





Shown are mean + one standard error. For the insulin values, 
animals in each group were distributed as equally as possible in the fed 
and fasted conditions. 

*p<0.05 differs from corresponding sham group. Refer to text for 
additional statistical detail. 


RESULTS 
Sex Differences 


The data were inspected for systematic differences be- 
tween males and females. Female lesioned hamsters gained 
an average of 4% more body weight than males. This is too 
small of an effect to be meaningfully analyzed given the Ns in 
the present study, so data were combined for both sexes. 


Histology 


Histological evaluation of the lesion placements was 
made without knowledge of the animals’ weight changes. 
Groups were then formed on the basis of lesion size and 
location. Four hamsters (1m, 3f) had lesions restricted to the 
paraventricular nucleus and underlying dorsal portion of the 
medial anterior hypothalamus (group PVN-MAH). Thirteen 
animals (8m, 5f) had lesions which damaged at least 80% of 
the ventromedial hypothalamus (group VMH). Nine of these 
cases included damage to the arcuate nucleus. Seven animals 
(6m, 1f) had damage to the VMH as described above with 
additional damage to the dorsomedial hypothalamus (group 
VDH). Eight animals (3m, 5f) had extensive lesions which 
encroached upon the PVN, VMH and dorsomedial hypo- 
thalamus (group VDP). Schematic drawings of the lesions in 
each group are shown in Fig. 3. 
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Food Intake 


Consecutive 4 day food intakes were averaged for each 
animal, and the mean intake/day for these blocks were used 
in statistical analyses with the groups assigned a posteriori 
on the basis of the histological criteria described above. 
ANOVA of the intakes in time blocks 1, 6 and 12 (chow 
alone), 13 and 19 (the beginning and end, respectively, of the 
chow plus high fat diet choice phase), and 20 and 23 (chow 
only), revealed significant overall group differences, 
F(4,39)=7.65, p<0.005 and changes over time, 
F(6,234)=42.2, p<0.001. The groupxtime interaction was 
not significant. Multiple pairwise comparisons (Newman- 
Keuls, significance level set at 0.05) of the group means indi- 
cated that animals in groups VMH and VDP ate significantly 
more than controls, that animals in group PVN-MAH ate 
more than those in group VDH and controls but not reliably 
more than groups VMH and VDP (Fig. 4). 

Planned comparisons (correlated t-tests) of the mean in- 
takes at different phases of the experiment indicated that 
caloric intakes were increased while high fat diet was avail- 
able (block 12 vs. block 19, p<0.01). Intakes were reduced 
when the animals were returned to chow alone, and were 
also significantly lower than the intakes prior to the high fat 
diet phase (block 12 vs. block 20, p<0.02). 


Diet Selection 


Preference for the high fat diet was determined by ex- 
pressing the kcal ingested from the high fat diet as % of the 
total kcal consumed during the choice phase. ANOVA of the 
preferences for time blocks 13, 16 and 19 (the beginning, 
middle, and end of the choice phase) revealed no overall 
group differences in the preference for high fat diet (Fig. 4). 


However, all animals ate progressively more from the high 
fat diet, F(2,78)=18.6, p<0.001 time effect, with no signifi- 
cant group Xtime interaction (p>0.05). 


Body Weight 


The body weight data are shown in Fig. 5. ANOVA on 
measures of body weight on the day of surgery, and on 
weeks 4, 7, 8, 11, 12, 15, and 19 postsurgery, revealed signif- 
icant main effects of group, F(4,39)=4.62, p<0.005, time, 
F(7,28)=37.0, p<0.001, and a groupxXtime interaction, 
F(28,273)=2.29, p<0.001. This indicates that different 
groups gained weight at differential rates. Individual com- 
parisons of the body weights on the day of surgery were not 
reliably different between groups (0.1>p>0.05), animals in 
groups PVN, VMH, and VDP were heavier than the controls 
by week 4 (and at all subsequent times) postsurgery. 

When high fat diet was available, the rate of weight gain 
was increased over that during the chow only phase. The 
mean rates of weight gain in weeks 6 and 7 (chow only) and 8 
and 9 (first 2 weeks of high fat diet) were, for the various 
groups: controls 5.3 vs. 14.3; VMH 5.2 vs. 12.4; PVN-MAH 
9.8 vs. 14.2; VDH 2.9 vs. 11.1; VDP 5.8 vs. 13.2 g, respec- 
tively. ANOVA of these data revealed a significant diet ef- 
fect, F(1,39)=26.0, p<0.001, but no group effect or 
group Xdiet interaction. 


Growth and Adiposity 


Animals in the VMH, PVN and VDP groups had slightly 
longer nose-anus lengths than controls or group VDH (Table 
1). This effect was not statistically significant (0.1<p<0.2). 
The Lee Index of obesity [1000 x (terminal body 
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weight)°-**]/[nose—anus length, cm] (Table 1) was elevated 
in the lesion groups, but this trend did not reach customary 
levels of statistical reliability, F(4,39)=2.30, p=0.075. 


Serum Insulin 


There were large and heterogeneous within group vari- 
ances in serum insulin levels (range for fasted animals 4.8- 
50.1 mU/ml and for fed animals 8.1—-141.4 mU/ml), and so the 
raw data underwent log transformation prior to ANOVA. 
There was a reliable main effect of group, F(4,34)=3.08, 
p<0.03, and prandial state, F(1,34)=10.2, p<0.004, on 
serum insulin, but no group Xprandial state interaction. In- 
sulin levels were increased uniformly by feeding, and were 
elevated above control and group VDP values in lesion 
groups VMH and PVN (Newman Keuls; ps<0.05). 

There was a significant correlation (r=.37, p<0.01) be- 
tween body weight gain during the entire postlesion period 
and the log insulin concentration at sacrifice. The Lee Index 
was not correlated with log insulin concentration (r=.02). 


GENERAL DISCUSSION 


The present experiments have demonstrated hyperphagia 
and body weight gain in hamsters following medial hypotha- 
lamic lesions. These effects were evident with both chow 
and high fat diets, were similar in males and females (Exper- 
iment 2), and occurred in both exercising and sedentary 
animals. Major physiological changes included increased 
body fat content and hyperinsulinemia; the Lee Index of 
obesity was also elevated. 

Each of these behavioral and physiological changes are 
observed, usually to a much greater extent, in the well- 
studied rat with medial hypothalamic lesions [18]. As in rats, 
the hyperphagia (on chow, at least) occurs by increases in 
meal size but, because hamsters already show little or no 
nycthemeral rhythm of food intake [23], the increased feed- 
ing is not confined to the daytime. Another characteristic 
effect of VMH lesions in rats is an arrest of linear growth 
[18], but this was not evident in the lesioned hamsters in the 
present study. Indeed, the greatest growth occurred in the 
exercise-VMH lesion group in Experiment 1, suggesting that 
VMH lesions do not interfere with the increased release of 
growth hormone which has been reported in exercising 
hamsters [5]. Additionally, in contrast to rats in which VMH 
lesions are often more effective in females than males [18], 
no major sex difference was evident in our VMH lesion 
hamsters. 

It has been shown that hamsters have a limited ability to 
increase rates of lipogenesis following glucose or insulin 
treatments [22]. In vitro studies have also indicated a low 
responsiveness of hamster adipocytes to the actions of insu- 
lin [7]. These findings are consistent with the present results 
in which endogenous hyperinsulinemia was accompanied by 
only modest increases in fat deposition. Even when high fat 
diets were offered, there was only a modest increase in the 
weight gain of lesioned hamsters. Intact hamsters may show 
increased metabolic efficiency with a high fat diet in short 
days [27]. It is possible that the effects of VMH lesions might 
have been larger if the hamsters had been housed in short 
days. 

The VMH lesion syndrome in rats has often been divided 
into a dynamic phase characterized by rapid weight gain and 
extreme hyperphagia, and a static phase of stable obesity 
with only mild hyperphagia [18]. Further, the body weight 
during the static phase is critically dependent upon the diet 
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offered [18,25]. The VMH syndrome in hamsters does not 
appear to have these two clear-cut phases. In Experiment 1, 
the rate of weight gain was similar in the early (chow) and 
later (high fat) phases. In the more detailed analysis of Ex- 
periment 2 (Figs. 4 and 5), the weight gain on chow was 
negatively accelerated in all groups, and all groups showed a 
small increase in rate of weight gain when the high fat diet 
was introduced. The important points here are the presence 
of hyperphagia and excess weight gain on chow diet, and the 
apparent lack of an extreme diet sensitivity in the lesion 
animals. The question of whether hyperinsulinemia is neces- 
sary or sufficient for these weight gains cannot be defini- 
tively answered by the present data. It is well-known in rats 
and humans that serum insulin levels tend to increase with 
body weight, so the increases in insulin in the obese lesion 
hamsters (Table 1) need not imply that insulin caused the 
hyperphagia and obesity. However, very little is known 
about endogenous insulin secretion in hamsters [5,6] or its 
functional role, and further studies will be needed to clarify 
the role of insulin in both normal and VMH lesioned ham- 
sters. 

The critical brain areas for producing the syndrome of 
hyperphagia and obesity in rats classically include the VMH 
[18]. However, damage to the rostral medial hypothalamus 
including the PVN and MAH also produces hyperphagia [1, 
10, 12, 25]. Hamsters with damage to the PVN-MAH region 
also become hyperphagic (also [11]) and hyperinsulinemic 


ROWLAND ET AL. 


(Experiment 2). Hamsters with sagittal knife cuts lateral to 
the PVN-MAH also become obese [17], although food intake 
was not measured. 

Lesions to the dorsomedial hypothalamus (DMH) of rats 
produce a syndrome characterized by chronic hypophagia, 
decreased linear and ponderal growth, but normal body 
composition [2,3]. It is not clear from the present Experi- 
ment 2 whether a similar syndrome exists in hamsters with 
DMH lesions. However, hamsters with lesions which in- 
cluded DMH damage combined with damage to the PVN- 
MAH (group VDP) showed less hyperphagia and weight gain 
than those whose lesions were restricted to the PVN-MAH, 
while those with lesions of the DMH and VMH (group VDH) 
showed less hyperphagia and weight gain than those with 
lesions confined to the VMH. Thus it appears that DMH 
damage may in some way “‘subtract’’ from the effects of 
damage to adjacent areas. 

In summary, lesions to the medial hypothalamus of ham- 
sters produce a syndrome similar to, but less dramatic than 
that in rats. The present studies demonstrate hyperphagia 
and weight gain in medial hypothalamus-lesioned hamsters 
fed chow diet. This is contrary to the proposed [16] idea that 
these effects are strictly diet dependent in hamsters. How- 
ever, both the present data and a recent study with PVN 
lesions [2] support but do not prove that high fat diet may 
potentiate weight gain. As in rats, damage to the VMH itself 
is not necessary for these effects. 


REFERENCES 


. Aravich, P. F. and A. Sclafani. Paraventricular hypothalamic 
lesions and medial hypothalamic knife cuts produce similar 
hyperphagia syndromes. Behav Neurosci 97: 970-983, 1983. 

. Bartness, T. J., E. L. Bittman and G. N. Wade. Paraventricular 
nucleus lesions exaggerate dietary obesity but block 
photoperiod-induced weight gain and suspension of estrous cy- 
clicity in Syrian hamsters. Brain Res Bull 14: 427-430, 1985. 

. Bellinger, L. L., L. Bernardis and S. Brooks. The effect of 
dorsomedial hypothalamic nuclei lesions on body weight regu- 
lation. Neuroscience 4: 659-665, 1979. 

. Bernardis, L. L. and L. L. Bellinger. Dorsomedial hypotha- 
lamic hypophagia: self-selection of diets and macronutrients, 
efficiency of food utilization, *‘stress eating,’ response to high 
protein diet and circulating substrate concentrations. Appetite 
2: 103-113, 1981. 

. Borer, K. T. Regulation of energy balance in the golden ham- 
ster. In: The Hamster: Reproduction and Behavior, edited by 
H. I. Siegel. New York: Plenum Press, 1985. 

. Borer, K. T., E. R. Allen, R. E. Smalley, L. Lundell and J. 
Stockton. Recovery from energy deficit in golden hamsters. Am 
J Physiol 248: R439-R446, 1985. 

. DiGirolomo, M. and D. Rudman. Species differences in glucose 
metabolism and insulin responsiveness of adipose tissue. Am J 
Physiol 210: 721-727, 1966. 

. Farrand, R. L. Cold acclimatization in the golden hamster. 
State Univ lowa Studies Nat History 20: 3-29, 1959. 

. Fleming, A. S. and M. O. Miceli. Effects of diet on feeding and 
body weight regulation during pregnancy and lactation in the 
golden hamster (Mesocricetus auratus). Behav Neurosci 97: 
246-254, 1983. 

. Gold, R. M., A. P. Jones, P. E. Sawchenko and G. Kapatos. 
Paraventricular area: critical focus on a longitudinal neurocir- 
cuitry mediating food intake. Physiol Behav 18: 1111-1119, 
1977. 

. Lehman, M. N., E. L. Bittman and S. Winans-Newman. Role of 
the hypothalamic paraventricular nucleus in neuroendocrine re- 
sponses to day length in the golden hamster. Brain Res 308: 
25-32, 1984. 


12. Leibowitz, S. F., N. J. Hammer and K. Chang. Hypothalamic 
paraventricular nucleus lesions produce overeating and obesity 
in the rat. Physiol Behav 27: 1031-1040, 1981. 

13. Malsbury, C. W., L.-M. Kow and D. W. Pfaff. Effects of medial 
hypothalamic lesions on the lordosis response and other behav- 
iors in female golden hamsters. Physiol Behav 19: 223-237, 
1977. 

. Malsbury, C. W., D. M. Marques and J. T. Daood. Sagittal 
knife cuts in the far lateral hypothalamus reduce sexual recep- 
tivity in female hamsters. Brain Res Bull 4: 833-842, 1979. 

. Malsbury, C. W., M. O. Miceli and C. W. Scouten. Neural basis 
of reproductive behavior. In: The Hamster: Reproduction and 
Behavior, edited by H. I. Siegel. New York: Plenum Press, 
1985, pp. 229-259. 

. Marks, H. E. and C. R. Miller. Development of hypothalamic 
obesity in the male golden hamster (Mesocricetus auratus) as a 
function of food preference. Psychon Sci 27: 263-265, 1971. 

. Miceli, M. O. and C. W. Malsbury. Sagittal knife cuts in the 
near and far lateral preoptic area—hypothalamus disrupt mater- 
nal behaviour in female hamsters. Physiol Behav 28: 857-867, 
1982. 

. Powley, T. L., C. A. Opsahl, J. E. Cox and H. P. Weingarten. 
The role of the hypothalamus in energy homeostasis. In: Hand- 
book of the Hypothalamus, vol 3A, edited by P. J. Morgane and 
J. Panksepp. New York: Marcel-Dekker, 1980. 

. Rowland, N. Effects of insulin and 2-deoxy-D-glucose on feed- 
ing in hamsters and gerbils. Physiol Behav 21: 291-294, 1978. 

. Rowland, N. Failure by deprived hamsters to increase food in- 
take: some behavioral and physiological determinants. J Comp 
Physiol Psychol 96: 591-603, 1982. 

. Rowland, N. Effects of chronic cold exposure on wheel run- 
ning, food intake and fatty acid synthesis in Syrian hamsters. 
Physiol Behav 33: 253-256, 1984. 

- Rowland, N. Metabolic fuel homeostasis in golden hamsters: 
effects of fasting, refeeding, glucose, and insulin. Am J Physiol 
247: R57-R62, 1984. 





VMH LESIONS IN HAMSTERS 


23. Rowland, N. Metabolic fuel homeostasis in golden hamsters: 
nycthemeral and exercise variables. Physiol Behav 33: 243-252, 
1984. 

24. Sclafani, A. and P. F. Aravich. Macronutrient self-selection in 
three forms of hypothalamic obesity. Am J Physiol 244: R686- 
R694, 1983. 


25. 


26. 


521 


Sclafani, A. and L. Kluge. Food motivation and body weight 
levels in hypothalamic hyperphagic rats: A dual lipostat model 
of hunger and appetite. / Comp Physiol Psychol 86: 28-46, 1974. 
Silverman, H. J. and I. Zucker. Absence of post-fast food com- 
pensation in the golden hamster (Mesocricetus auratus). Physiol 
Behav 17: 271-285, 1976. 


. Wade, G. N. Dietary obesity in golden hamsters: Reversibility 


and effects of sex and photoperiod. Physiol Behav 30: 131-137, 
1983. 








Physiology & Behavior, Vol. 36, pp. 523-525. Copyright © Pergamon Press Ltd., 1986. Printed in the U.S.A. 


003 1-9384/86 $3.00 + .00 


Stimulation of Feeding in the 
Satiated Pig by Intracerebroventricular 
Injection of Neuropeptide Y 


R. F. PARROTT, R. P. HEAVENS AND B. A. BALDWIN 
A.F.R.C. Institute of Animal Physiology, Babraham, Cambridge CB2 4AT, England 


Received 30 May 1985 


PARROTT, R. F., R. P. HEAVENS AND B. A. BALDWIN. Stimulation of feeding in the satiated pig by intracerebroven- 
tricular injection of neuropeptide Y. PHYSIOL BEHAV 36(3) 523-525, 1986.—Operant feeding and drinking were studied 
in satiated pigs following injection of 0 (saline vehicle control), 25, 50 or 100 ug neuropeptide Y into the lateral cerebral 
ventricles. Neuropeptide Y stimulated feeding in a dose related manner without any apparent aversive effects. No facilita- 


tion of drinking was observed. 
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CURRENT research suggests that peptidergic mechanisms 
may influence a variety of behavioural processes. However, 
the majority of neuropeptides that have been studied in rela- 
tion to the control of food intake have been found to have 
inhibitory effects. It is therefore of some interest that a re- 
cent report [5] has indicated that two peptides structurally 
related to pancreatic polypeptide have the ability to initiate 
feeding, with a short latency, when injected into the third 
cerebral ventricle of satiated rats. One of these agents, the 36 
amino acid neuropeptide Y (NPY), also has been found to 
enhance daytime and deprivation-induced feeding in rats fol- 
lowing injection into the lateral cerebral ventricle, but not 
when administered peripherally [12]. In addition, the effect 
of NPY on brain electrical activity [19] and its wide distribu- 
tion in the brain and spinal cord are consistent with the view 
that this peptide is centrally active. However, NPY also oc- 
curs, and has various physiological effects, at certain periph- 
eral sites [1, 8, 14], indicating that its activity may not be 
restricted to the CNS. 

The original isolation of NPY was from pig brain tissue 
[18] and preliminary findings suggest that this peptide may 
also be present in pig cerebrospinal fluid (Bloom, 
Allen, Baldwin and Parrott, unpublished results). The pig is 
used in this laboratory to study factors influencing ingestive 
behaviour and therefore an investigation was carried out into 
the central effects of NPY on feeding and drinking in this 
species. 


METHOD 


The experiment was carried out in two parts. In the first 
part (test series ‘a’), 6 prepubertal Large White pigs (52, 1¢) 
were used to investigate the effects of intracerebroventricu- 
lar (ICV) injection of 0 (saline control vehicle), 25 or 50 ug 
NPY, obtained from CRB, Harston, Cambs. UK. In the sec- 
ond part (test series ‘b’), a further group of pigs (42, 2d) 


were used to study the effect of ICV injection of 0 or 100 ug 
NPY. The experimental details were as follows. 

The pigs were trained to press operant panels on a fixed 
ratio of 5 to obtain 12 g reinforcements of food and 20 ml 
reinforcements of water. The animals were then prepared 
with lateral ventricle guide tubes under general anaesthesia 
and with sterile precautions. Subsequently, they were im- 
planted with indwelling cannulae, verified for depth, as de- 
scribed in a recent report [4]. After an interval of at least two 
weeks to allow recovery from surgery, the pigs were trans- 
ferred to individual metabolism cages provided with operant 
panels and automatic delivery systems for food and water. 
Water was available ad lib but the food panel was active from 
08:30 hr to 16:00 hr. 

Treatments were administered daily by slow manual in- 
jection at about 11:30 hr, with the proviso that the animals 
were not actively engaged in feeding or drinking at the time. 
Treatment consisted of 1.5 ml ICV injections of sterile nor- 
mal saline (control), or ICV injections of 1 ml saline contain- 
ing the required dose of NPY followed by 0.5 ml saline. All 
doses of NPY were given to each pig on at least two separate 
occasions and the control injection was given three times. 

Records of operant feeding and drinking were taken for 
the 30 minute periods before and after injection. Results 
from individual pigs were averaged and these averages were 
used to derive 5 and 30 min treatment means. Statistical 
comparisons were made between saline and NPY treatment 
in pre- and post-treatment periods using the paired ¢ test 
(two-tailed), the two test series being analysed separately. 


RESULTS 


The total number of food and water reinforcements con- 
sumed in the pre- and post-treatment periods of both test 
series are shown in Fig. 1. There were no differences be- 
tween treatment and control conditions for either food or 
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FIG. 1. Total number (mean+S.E.) of food and water reinforce- 
ments obtained by pigs in the 30 min period before and after ICV 
injection of either 0 (saline control vehicle), 25 or 50 wg NPY (test 
series ‘a’), or 0 or 100 wg NPY (test series *b’). Statistical compari- 
sons are made within pre- and post-treatment periods of both test 
series, using the paired ¢ test, 2-tailed (*p<0.05; **p<0.02 vs. 
saline). 


water in the 30 min period before injection. However, in the 
post-treatment period there was a positive association be- 
tween the dose of NPY administered and the total number of 
food reinforcements obtained. The effects on food intake of 
the 50 and 100 ug doses of NPY were significantly greater 
than those of their respective saline control injections but no 
significant effects on operant water intake were found. 

The temporal patterning of the feeding response is illus- 
trated in Fig. 2, which gives 5 min food reinforcement means 
for both test series. It is apparent that NPY treatment in- 
creased meal size and duration and that the highest rate of 
food consumption was seen 20 min after the 50 wg dose and 
10 min after the 100 wg dose. No aversive effects were seen 
following injection of NPY. 

The latency to feed and to drink was calculated to the 
nearest minute (pigs failing to respond were assigned a la- 
tency of 30 min). These results (Table 1) show that the high- 
est dose of NPY produced a significant reduction in feeding 
latency and a significant increase in drinking latency. 


DISCUSSION 


The present results establish a dose/response relationship 
for the stimulatory effect of centrally-administered NPY on 
operant feeding in the satiated pig. The maximum effect of 
the peptide was apparent within about 20 min of the injection 
and after the highest dose (100 xg) feeding was almost instan- 
taneous. These findings regarding operant feeding in the pig 
following lateral ventricle injection are similar to those re- 
ported for consummatory feeding in the rat after third [5] or 
lateral [12] ventricle injection. 

Although ICV injection of NPY has been reported to in- 
duce drinking in rats [12], no effect on operant drinking in 
pigs was found in this study. Pigs tend to drink mainly 
towards the end of a meal and the prolonged drinking latency 
seen after 100 wg NPY reflects the increased meal duration 
induced by the peptide treatment. Intraventricular injection 
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FIG. 2. Mean number of food reinforcements obtained by pigs at 
each 5 min interval of the 30 min post-treatment period following 
ICV injection of 0, 25 or 50 wg NPY (test series ‘a’), or 0 or 100 ug 
NPY (test series ‘b’). 


TABLE | 


LATENCY TO FEED AND DRINK (MIN, MEAN + S.E.) AFTER ICV 
INJECTION OF SALINE OR NPY 





Test Series ‘A’ 


25 wg 
NPY 


Test Series ‘B’ 


100 ng 
NPY 


50 wg 


Saline NPY Saline 





Feeding 16.6 12.3 14.8 17.0 ) Bg 
+5.4 +4.3 23.3 +29 +0.4 


Drinking 5.0 17.8 8.4 3.8 19.9* 
+1.4 +5.5 +3.6 +1.8 +3.9 





*p<0.01 vs. Saline (Paired 1 test, 2-tailed). 


of NPY also did not result in any abnormalities of behaviour 
or signs of aversion. 

The means whereby NPY stimulates feeding has not been 
elucidated; however, its anatomical distribution and phys- 
iological effects indicate a possible mode of action. The 
peptide is found in very high concentrations in the brain 
and spinal cord where it is present, although not exclu- 
sively, within catecholaminergic neurones [15]. NPY is 
known to cause vasoconstriction [6] and it is probable that it 
acts in concert with noradrenaline in producing these sympa- 
thetic effects [13,16]. The significance of these findings for 
the behavioural action of NPY lies in the fact that the peptide 
is abundant in the hypothalamus [2] and that the existence of 
hypothalamic noradrenergic feeding systems, as first de- 
scribed by Grossman [7], is a well established phenomenon. 
Although most research in this area has been carried out 
using the laboratory rat, ICV injection of noradrenaline will 
induce feeding in species as diverse as the cat [10] and the 
sheep [3]. Thus, although noradrenergic involvement in the 
control of food intake in the pig has, with one minor excep- 
tion [9], not been investigated, there is no reason to suppose 
that similar neuronal mechanisms should not also exist in 
this species. 

One of the primary sites for the activation of feeding by 
noradrenaline is considered to be the paraventricular nucleus 
[11] and a recent report has shown that a dose of about 100 
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ng NPY will induce eating, and some drinking, when injected 
into this area of the brain of satiated rats [17]. Although this 
finding suggests that NPY and noradrenaline may interact 
within the CNS to produce feeding, the failure of the alpha- 
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adrenergic blocker, phentolamine, to antagonize the be- 
havioural effect of centrally-administered NPY [12] does not 
support this hypothesis. Further research is clearly needed 
to identify the mechanism of action of this peptide. 
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PETERSEN, S. L. Perinatal androgen manipulations do not affect feminine behavioral potentials in voles. PHYSIOL 
BEHAV 36(3) 527-531, 1986.—Adult voles show sexual differences in their behavioral responses to estrogen. To determine 
whether this sexual dimorphism is related to early androgen exposure as it is in other rodents, female voles were treated 
neonatally with testosterone. In addition, males were castrated neonatally or treated perinatally with either the 
antiandrogen, flutamide or with the antiaromatase, ATD. When androgenized females were treated with estrogen in 
adulthood, they exhibited normal sexual behaviors. Males deprived of androgen or treated with ATD during development 
did not display feminine behaviors when injected with estrogen in adulthood. These results suggest that the organizational 
hypothesis of sexual differentiation cannot explain the development of feminine behavior potentials in the vole. It is 
possible that the development of feminine behaviors in voles requires exposure to ovarian hormones during prepubertal 


development. 


Voles 


Perinatal androgen Feminine behavior 


Neonatal castration 





A number of mammalian species exhibit sexually dimorphic 
behavioral responses to estrogen and progesterone. Females 
typically show proceptive and receptive behaviors when 
primed with ovarian hormones; males do not. One explana- 
tion for sexual differences in behavioral potentials is pro- 
vided by the organizational hypothesis of sexual differentia- 
tion [27]. According to this hypothesis, the neural substrates 
controlling sexual behaviors are inherently feminine, but are 
defeminized in males by exposure to testicular secretions 
during critical periods of gestation or soon after birth. 

The organizational hypothesis of the differentiation of 
feminine behavioral potentials was developed from and is 
supported by results of studies of mammalian species which 
normally require both estrogen and progresterone for the 
expression of behavior. For example, feminine behavioral 
responses to estrogen and progesterone can be diminished in 
female rats, guinea pigs and hamsters by treatment with tes- 
tosterone during critical stages of development [1, 6, 18, 27, 
30]. Furthermore, adult male rats will exhibit proceptive and 
receptive behaviors in response to estrogen and 
progesterone only if they are deprived of androgen during 
specific periods of development [8, 14, 24, 31, 33, 34]. 

Although support for the organizational hypothesis is 
provided by studies of mammalian species which require 
progesterone for behavior, such support has not been forth- 
coming from the few studies which examined feminine be- 
havioral development in species that do not require 
progesterone. For example, perinatal testosterone exposure 
does not defiminize the behavior of female ferrets [3], rabbits 





[5], or rhesus monkeys [15]. No studies have determined 
whether defeminization of males of these species can be pre- 
vented by androgen deprivation during development. Such 
studies cannot be done in male ferrets, because these males 
do not appear to be defeminized [2]. The gray-tailed vole, 
Microtus canicaudus, is a rodent which does not require 
progesterone for the display of feminine behavior, but, un- 
like male ferrets, male voles appear to be defeminized [26]. 
Therefore, the vole was used in the present studies to de- 
termine whether the organizational hypothesis can explain 
sexual dimorphism in feminine behavioral potentials in a 
species which does not require progesterone for behavioral 
activation. 


METHOD 


Animals 


Gray-tailed voles (M. canicaudus) used in these studies 
were from a colony established at Oregon State University 
from locally-collected animals [16]. The colony was main- 
tained on a controlled photoperiod (16L:8D, lights off at 1430 
hr). Purina rat chow, Purina rabbit chow and water were 
available ad lib. 


Materials 


Estradiol benzoate (EB), testosterone (T), car- 
boxymethylcellulose, polysorbate 80 and benzyl alcohol 
were obtained from Sigma Chemical Co., St. Louis. 4’- 


‘Requests for reprints should be addressed to Dr. Sandra L. Petersen, Department of Physiology, School of Medicine, University of 


Maryland, Baltimore, MD 21201. 





TABLE 1 
EXPERIMENTAL TREATMENT GROUPS IN EXPERIMENT 2 





No. Surviving 


Group to Adulthood 


Treatment 





Prenatal Flutamide 

Prenatal and Neonatal 
Flutamide 

Neonatal Flutamide 

Prenatal Vehicle 

Prenatal and Neonatal 
Vehicle 

Neonatal Vehicle 





Nitro-3'-trifluoromethylisobutyranilide (flutamide, batch 
number 10485-95) was donated by Schering Corp., Bloom- 
field, NJ. 1,4,6-Androstatrien-3,17-dione (ATD) was pur- 
chased from Steraloids, Inc., Wilton, NH. Ketamine HCl 
(Vetalar) was obtained from Parke-Davis, Morris Plains, NJ 
and xylazine (Rompun) from Haver-Lockhart, Shawnee, 
KS. Silastic tubing and Silastic 382 Medical Grade Elastomer 
were purchased from Dow Corning Corp., Midland, MI. 


Hormone Administration 


Both flutamide and ATD were suspended in an aqueous 
vehicle composed of 0.9% NaCl, 0.5% carboxymethylcel- 
lulose, 0.4% polysorbate 80, and 0.9% benzyl alcohol [25] for 
oral or parenteral administration. Silastic capsules of ATD or 
testosterone were made by sealing one end of a I-cm piece of 
Silastic tubing (i.d., 1.47 cm; 0.d., 0.19 cm) with crystalline 
steroid and sealing the open end with Elastomer [23]. 


Behavior Tests 


Tests for feminine behaviors were performed | hr after 
the onset of the dark period under dim red lights. The test 
arena consisted of a sheet metal cylinder (30 cm in diameter 
and 50 cm high) sitting on an elevated glass floor. A mirror 
mounted at a 45° angle beneath the floor allowed ventral 
viewing. A sexually active male was placed in the arena and 
allowed 6 minutes for exploration. The animal to be tested 
for feminine behaviors was then introduced and the pair ob- 
served for 10 minutes. Behaviors were recorded on a 20- 
channel Esterline-Angus manual event recorder. 

Feminine behaviors characteristic of voles were 
categorized during preliminary observations of mating in in- 
tact female voles and male voles. Proceptive behaviors dis- 
played by females consist of approaching the male and sniff- 
ing or nudging him. If males do not respond, females will 
sometimes attempt to mount the males. Receptive females 
remain stationary when males approach and allow facial 
sniffing. After the initial facial investigation, a receptive 
female will turn 180° but will remain near the male. When the 
male begins to investigate her genitalia, the female will stand 
still briefly and then dart forward. This alternation between 
standing still and darting forward continues until the male 
mounts. Receptive females typically show lordosis each time 
they are mounted. 


Experiment | 


Within 3 hours of birth, males were castrated (n=20) or 
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sham-castrated (n=16), and females were implanted with 5 
mm T (n= 16) or cholesterol capsules (n= 15). Castration and 
capsule implantations in neonatal voles were performed 
under cryoanesthesia with the aid of a dissecting micro- 
scope. 

The high post-operative mortality rate reduced the cas- 
trate group to 6 males and the other groups to 5 animals each. 
Sham-operated males were castrated at 90 days of age. Begin- 
ning at 120 days of age, all animals received daily injections of 
60 wg EB for three days and were tested for feminine behaviors 
24 hours after the last EB injection. This regime reliably 
induces feminine behaviors in adult, ovariectomized female 
voles [26]. Behavior tests were carried out in this manner for 
three consecutive weeks. After a behavior test in which mat- 
ing occurred, a female was left with the stud male until she 
had produced a litter or for 30 days. 


Experiment 2 


Nonpregnant female voles were paired with adult males 
and vaginal smears obtained at 0730, 1530 and 2130 hr daily 
from the day after pairing. Males were removed after sperm 
were found in the vaginal smear; this time was considered to 
be the time of conception (day 0 post-coitum, p.c.). On day 
11 p.c., females were randomly assigned to one of the six 
treatment groups described in Table 1. For prenatal treat- 
ments, flutamide (5 mg/0.2 ml) or vehicle (0.2 ml) was ad- 
ministered daily to pregnant females by gavage through a 
straight feeding needle from day 11 p.c. through day 20 p.c. 
(the day before parturition). Flutamide was used because it 
reportedly blocks androgen receptors and lacks estrogenic, 
androgenic and progestogenic effects [20,25]. For postnatal 
treatments, flutamide or vehicle was administered by sub- 
cutaneous injection; injection sites were sealed with collo- 
dion. From 30 minutes after birth (Day 0) through Day 4, pups 
were injected with 0.125 mg flutamide (approximately 6.25 
ug/g body weight) in 0.05 ml vehicle and from Day 5 through 
Day 9, pups received 0.25 mg (approximately 6.25 ug/g body 
weight) in 0.1 ml vehicle; controls received vehicle in these 
volumes. Anogenital distances of males and females treated 
prenatally or prenatally and neonatally were measured at 15 
days of age. Pups were weaned at 18 days of age and subse- 
quently housed with 2-3 littermates of the same sex. Males 
were castrated at 110 days of age and injected with 30 ug EB 
on 3 consecutive days. These males were tested for feminine 
behavior 24 and 48 hours after the last injection. Estrogen 
priming and testing continued for 3 consecutive weeks. On 
the day of the last test, 500 wg progesterone was given four 
hours before testing. 


Experiment 3 


Because a number of studies indicate that defeminization 
in some species actually results from exposure to estrogen 
derived from testosterone by aromatization in the brain [7, 
22, 32], the antiaromatase, ATD, was administered to an- 
other group of developing voles. 

On Day 12 p.c., pregnant females were implanted with 
either three 1-cm capsules of ATD or with three empty cap- 
sules. Within 3 hours after birth and for the next 9 days, 
offspring of ATD-implanted females were injected with 1.25 
mg ATD suspended in 0.05 ml of aqueous vehicle (n=11); 
pups from females implanted with empty capsules were 
given injections of 0.05 ml of aqueous vehicle only (n=9). 
Previous studies demonstrated that mothers implanted with 
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ATD are not consistently able to raise pups to weaning 
(Petersen, unpublished); therefore, all pups (treated and con- 
trol) were crossfostered to untreated mothers soon after 
birth. 

At 18 days of age, pups were weaned and subsequently 
housed in sexually-segregated groups of 3 siblings each. All 
males were castrated at 110 days of age. One week later, 
castrated males were injected with 30 ug EB for 3 consecu- 
tive days and tested 24 and 48 hours after the last injection. 
This regime was continued for 3 weeks. 


Data Analysis 


Differences among groups in anogenital distances were 
analyzed using one-way ANOVA followed by Bonferroni's 
t-tests. Fisher’s exact tests were used to compare propor- 
tions of animals showing particular behaviors after perinatal 
hormone treatment. 


RESULTS 


Experiment | 


None of the six males castrated within three hours after 
birth nor the five sham-castrates exhibited feminine behav- 
iors in response to EB when tested in adulthood. All were 
approached and pursued by stud males but refused to allow 
genital sniffing; when approached all subjects chattered or 
lurched at the stud males. 

Female voles treated with testosterone from the day of 
birth exhibited normal feminine behaviors as adults. Four of 
5 cholesterol-implanted females and 5 of 5 testosterone- 
implanted females showed receptive behaviors in at least one 
of 3 tests. There were no differences between groups in the 
proportion showing standing/darting behavior when ap- 
proached nor in lordosis quotients (lordosis responses/No. 
mounts). All females that were receptive showed standing 
and darting behavior and all females that allowed mounting 
had a lordosis quotient of 1.0. In addition, 4 of 5 cholesterol- 
implanted females and 4 of 5 testosterone-implanted females 
conceived during the month in which they were housed with 
males. All that conceived were able to raise young to weaning. 


Experiment 2 


No flutamide-treated males (n=19) nor controls (n=20) 
displayed feminine receptive behaviors when treated with 
EB in adulthood. Stud males pursued and attempted to in- 
vestigate all subjects, but no animal allowed genital investi- 
gation or mounting. 

Anogenital distances in males treated with flutamide pre- 
natally (2.75+0.24 mm) or prenatally plus neonatally 
(2.98+0.22 mm) were significantly shorter than those of 
vehicle-treated males (4.15+0.10 mm; p<0.001). The 
anogenital distances of treated males were similar to those of 
vehicle-treated females (2.85+0.08 mm; ns). 


Experiment 3 


Perinatal ATD treatment did not result in the display of 
female receptive behaviors by males. All subjects were pur- 
sued by stud males, but no subject allowed genital investiga- 
tion or mounting. ATD treatment did not affect the genitalia 
of males, but masculinization was seen in genitalia of female 
littermates. Vaginal openings were absent and penile-like tis- 
sue was evertible from hypertrophied clitoral sheaths. 


DISCUSSION 


The results of these studies did not support the organ- 
izational hypothesis of sexual differentiation, at least in 
voles, because perinatal testosterone manipulation did not 
affect the potential of voles to display feminine behaviors in 
adulthood. Female voles given prolonged neonatal testos- 
terone treatment displayed normal receptive behaviors and 
fertility in adulthood. Furthermore, adult male voles did not 
show feminine behavioral responses to estrogen, even when 
deprived of testicular androgen exposure by castration 
within three hours after birth or by treatment with flutamide 
during the perinatal period. Finally, perinatal treatment with 
the antiaromatase, ATD, did not feminize male voles. 

The finding that testosterone exposure during the 
neonatal period did not interfere with the potential for 
feminine behavior in female voles differs from results of simi- 
lar studies using rodents that require synergism between es- 
trogen and progesterone for the activation of behavior. For 
example, testosterone administration during the neonatal 
period permanently defeminizes the behavior of female rats, 
mice and hamsters [1, 6, 11, 18, 29]. However, testosterone 
seems ineffective in defeminizing females of species which, 
like the vole, rely only on estrogen for behavior. Female 
ferrets [3], rabbits [5] and rhesus monkeys [15] all exhibit 
normal behavioral responses to estrogen in adulthood after 
perinatal testosterone administration. Baum [2] has 
suggested that androgen-induced defeminization is seen only 
in animals which rely on progesterone for behavior, because 
androgen exposure during development primarily alters the 
neural substrate responsible for progesterone’s abilty to 
synergize with estrogen to activate behavior. This hypoth- 
esis explains the ineffectiveness of neonatal androgen in dis- 
rupting feminine behavioral potentials in female voles; how- 
ever, it does not explain the absence of feminine behavioral 
potentials in male voles. 

The inability of neonatal testosterone exposure to de- 
feminize female voles and the ineffectiveness of neonatal 
castration to feminize males in the present study may indi- 
cate that the critical period for defeminization is before birth 
in this species. However, the finding that neither prenatal 
nor pre- and postnatal treatment with the antiandrogen, 
flutamide, prevented defeminization of males argues against 
this explanation. The results of the antiandrogen studies also 
argue against the possibility that the absence of feminine 
behavioral potentials in nevnatally-castrated males is a result 
of testosterone exposure from nontesticular sources, such as 
the adrenal glands. 

In contrast to male voles, male rats castrated soon after 
birth show complete feminine behavioral patterns [8,31], and 
male rats treated prenatally with flutamide show increases in 
feminine behavioral displays [14]. One explanation for these 
species differences may be that defeminization in voles oc- 
curs much earlier than in rats, that is, prior to Day 12 p.c. 
(the day flutamide treatment was initiated). However, the 
length of gestation, the degree of development at birth, and 
the time of eye-opening are similar in voles and rats, indicat- 
ing that developmental timing is similar in the two species. It 
could be argued that flutamide does not reach the developing 
vole fetus. However, genital development was significantly 
feminized in flutamide-treated males, as evidenced by 
anogenital distances similar to those of females (significantly 
shorter than those of normal males). 

Voles also showed a different response to perinatal treat- 
ment with ATD than is shown by similarly treated rats. ATD 





530 


was ineffective in feminizing behavior of voles, but such 
treatment increases the potential for feminine behavioral re- 
sponses in male rats [7, 22, 32, 35]. It is difficult to evaluate 
the results of the ATD study, because ATD appeared to act 
as an androgen or to stimulate androgen production in voles. 
The genitalia of females in litters treated with ATD were 
severely masculinized; vaginal openings were absent and 
clitoral sheaths were hypertrophied with protruding penile- 
like structures. Although such profound androgenic actions 
have not been reported previously for ATD, this drug has 
mild androgenic activity in other systems. For example, 
ATD induces increases in seminal vesicle and prostate 
weights in immature male rats [4] and maintains precastra- 
tion levels of copulatory behavior in castrated male rats [19]. 
Furthermore, serum from ATD-treated animals contains a 
polar derivative of ATD that has androgenic activity (Ellin- 
wood, personal communication) and displaces testosterone 
from a testosterone antibody in a radioimmunoassay [9]. 

In view of the findings that perinatal androgen manipula- 
tions did not affect the development of feminine behaviors in 
voles, an hypothesis other than the organizational hypothesis 
must be considered to explain sexual dimorphism in behav- 
ioral responses to estrogen. It is possible that the develop- 
ment of feminine behavior in the vole may require stimula- 
tion by prepubertal ovarian hormones. Additional support 
for this idea comes from previous studies in showing that the 
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behavioral response of ovariectomized female voles to es- 
trogen depends upon the age at which they are ovariec- 
tomized [26]. Only 9% of females ovariectomized prepuber- 
tally, in contrast to 75% of females ovariectomized at matur- 
ity, exhibited feminine behaviors in response to estrogen 
administration in adulthood. 

There is some evidence that ovarian hormones may also 
be involved in sexual differentiation of female rats. Although 
female rats show high levels of receptivity even after 
neonatal ovariectomy [13,21], neonatally ovariectomized 
rats are less sensitive to estogen stimulation of behavior than 
are females ovariectomized after puberty [28]. In addition, 
the presence of ovaries during development increases recep- 
tivity somewhat in neonatally-androgenized female rats and 
hamsters and in neonatally castrated male rats [10,12]. Re- 
cently, Hancke and Dorner [17] have demonstrated that 
postnatal treatment of female rats with the estrogen 
antagonist, tamoxifen, inhibits the differentiation of feminine 
behavior patterns without masculinizing behavior. 

In summary, these results do not support the hypothesis 
that perinatal androgen exposure plays a role in establishing 
sexual dimorphism of behavioral responses to estrogen in 
voles. It is possible that the development of female receptive 
behaviors in voles may require exposure to ovarian secre- 
tions during prepubertal life. 
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LACY, M. P., H. P. VAN KREY, P. A. SKEWES AND D. M. DENBOW. Food intake in the domestic fowl: Effect of 
intrahepatic lipid and amino acid infusions. PHYSIOL BEHAV 36(3) 533-538, 1986.—Five experiments were conducted 
to determine the effect of hepatic and jugular infusions of amino acid and lipid solutions on short-term food intake of 
cockerels. Neither jugular nor hepatic infusions of amino acids had any effect on food intake of Single-Comb White 
Leghorn (SCWL) cockerels. Lipid infusions had no effect on SCWL cockerels when administered intrajugularly but 
decreased food intake significantly when infused intrahepatically. In contrast, no effect on food intake was observed when 
Rock-Cornish (RC) cockerels were infused intrahepatically with lipid. Thus, it appears that the liver of the SCWL cockerel 
is not responsive to plasma amino acid concentrations but is sensitive to circulating lipid levels. This lipid sensitive 
mechanism may be important in the peripheral control of food intake in a chicken such as the SCWL which has been bred 
for egg production but may be desensitized in fowl such as the RC broiler which has been selected for large body size and 


feed consumption. 


Amino acids Lipids Hepatic Food intake 


Chickens 





THE glucostatic [20], lipostatic [16] and aminostatic [40] 
theories of food intake control propose that the central nerv- 
ous system monitors the concentration of particular nutri- 
ents and regulates appetite accordingly. However, during the 
last two decades an increasing number of studies have shown 
that peripheral mechanisms may also be monitoring nutrient 
concentrations and aiding in the control of food intake [26]. 

It has been suggested that the mammalian liver has the 
ability to monitor blood glucose [2, 5, 26, 30] or some 
metabolite of the glycolytic chain such as pyruvate [33]. Re- 
cently, hepatic glucose infusions were shown to inhibit food 
intake in the fowl [18,35]. Only a few reports exist regarding 
the ability of the avian or mammalian liver to sense nutrients 
other than glucose, and these experiments have resulted in 
conflicting conclusions [1, 31, 36, 44]. 

Food intake regulation in the fowl has not been explored 
as comprehensively as in mammals. The work that has been 
reported indicates there may be differences in the mech- 
anisms controlling appetite. For example, in mammals gold 
thioglucose injected peripherally [45] or administrated cen- 
trally [38] caused destruction of cells in the ventromedial 
hypothalamus and resulted in hyperphagia and obesity; 
however, no such effect was observed in birds [11,47]. Fur- 
thermore, peripheral injections of 2-deoxy-D-glucose de- 
creased food intake in chickens [39] but increased food in- 
take in mammals [14,34]. Finally, insulin injections increased 
food intake in mammals [42] but decreased food intake in the 
fowl [19,37]. 

The uncertainty of the glucostatic theory of food intake 





regulation in the fowl causes speculation as to whether other 
nutrients may be important in signalling satiety in birds. 
Shurlock and Forbes [36] showed recently that amino acid 
solutions infused intraheptically decreased food intake in 
cockerels from an egg-laying breed of chicken. 

The objective of the present study was to determine if 
peripheral food intake regulatory mechanisms sensitive to 
plasma amino acid or lipid concentrations exist in the liver of 
the domestic fowl. These mechanisms were examined in 
both egg-laying and broiler strain fowl to test whether differ- 
ential sensitivities and/or responses may exist between light- 
and heavy-breeds. 


METHOD 
Experimental Design 


Five separate experiments were conducted. Eight birds 
served as subjects in each experiment. A different group of 
birds was used for each experiment. In each experiment, 4 
treatments were tested in each of the 8 birds using a rep- 
licated Latin Square design. Tests were conducted between 
0800-1200 hr with at least 24 hr separating each test. Bird 
and day were used as blocking factors. The treatments tested 
in each experiment are described below. The birds were 
housed in individual cages under continuous light. Birds 
were maintained on a chick starter mash (20% protein, 2684 
kcal/kg metabolizable energy). Food and water were avail- 
able ad lib. 

Experiment |. Single-Comb White Leghorn (SCWL) coc- 


'Data presented in part at the 73rd Annual Meeting of the Poultry Science Association, August 1984. 
2Extension Poultry Science Department, University of Georgia, Athens, GA 30602. 





TABLE 1 
COMPOSITION OF 10% FREAMINE III* (AMERICAN MCGRAW)* 
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TABLE 2 
COMPOSITION OF 20% LIPOSYN® (ABBOTT LABORATORIES)* 





mg per 1 ml 10% FreAmine III® 





Amino Acids 
L-isoleucine 6.90 
L-leucine 9.10 
L-lysine acetate 10.20 (7.25 free base) 
L-methionine 5.30 
L-phenylalanine 5.60 
L-threonine 4.00 
L-tryptophan 1.50 
L-valine 6.60 
L-alanine 7.10 
L-arginine 9.50 
L-histidine 2.80 
L-proline 11.20 
L-serine 5.90 
aminoacetic acid 14.00 
L-cysteine HCI-H,O 

Other 
Phosphoric acid 
Sodium bisulfite 

(antioxidant) 





*Acetic acid used to adjust pH to approximately 6.5. 
Osmolarity approximately 950 mOsm/liter. 


kerels 11 weeks of age and weighing 900-1100 g were used as 
subjects. Birds were anesthetized with sodium pentobarbital 
(25 mg/kg body weight). Indwelling Silastic® cannulae (i.d. 
0.76 mm-—o.d. 1.65 mm) were implanted into the hepatic por- 
tal circulation and exteriorized dorsally in the mid-thoracic 
region [18]. Cannulae were attached to swivel systems at the 
top of each cage so that infusions could be made without 
handling the birds. The cockerels were allowed 4 to 6 days to 
recover following surgery before the experiment was begun. 
Cannulae were flushed daily with 1-ml of heparinized (1000 
USP units/ml) saline to maintain patency. 

A commercially prepared amino acid solution, 10% 
FreAmine III® (American McGraw), served as the stock 
solution from which the treatment solutions were prepared 
(see Table | for description of 10% FreAmine III®). The 
treatments were an uninjected control, 5-ml of a 3.33% 
(0.13 kcal/ml) amino acid solution, 5-ml of a 1.67% (0.06 
kcal/ml) amino acid solution, and 5-ml of a 1.01% saline 
solution. The amount of amino acids in 5-ml of the 3.33% 
solution was calculated to be approximately 75% of the 
amount of protein these birds consumed in their normal diet 
during an average 30-min period. All solutions were isosmo- 
tic at 320 mOsm. 

The solutions were infused into the portal circulation of 
the birds via the hepatic cannulae over a 30-min period using 
a multi-channel syringe pump. The cockerels were provided 
food ad lib prior to the infusion but were not fed during the 
infusion. They were given access to feed again immediately 
following the 30-min infusion. 

Experiment 2. Single-Comb White Leghorn cockerels 11 
weeks of age and weighing from 900-1100 g served as sub- 
jects. Effects of amino acids infused into the general circula- 
tion were tested in this experiment. Birds were anesthetized 
with sodium pentobarbital as in Experiment 1. Indwelling 


mg per | ml 


Components 20% Liposyn® 





Safflower oil 200 
Egg phosphatides (emulsifier) 12 
Glycerin 25 





*Sodium hydroxide used to adjust pH to approximately 8.3. 
Osmolarity approximately 340 mOsm/liter. Total caloric value is 
2.0 kcal/ml. 


+Safflower oil is a mixture of neutral triglycerides. The major 
component fatty acids are linoleic (77%), oleic (13%), palmitic (7%) 
and stearic (2.5%). 

Egg phosphatides are primarily a mixture of phospholipids iso- 
lated from egg yolk. Emulsification results in fat particles approx- 
imately 0.4 uw in diameter similar to natural occurring chylomicrons. 


Silastic® cannulae (i.d. 0.76 mm-—o.d. 1.65 mm) were im- 
planted into the right jugular vein of each bird, passed under 
the skin and exteriorized in the mid-thoracic region [18]. The 
injection procedures and treatments were the same as in Ex- 
periment 1. 

Experiment 3. SCWL cockerels 11 weeks of age and 
weighing from 900-1100 g were fitted with hepatic cannulae 
as in Experiment 1. In this experiment the treatments 
were an uninjected control and I-ml of either a 20% solu- 
tion (2.0 kcal/ml), 10% lipid solution (1.0 kcal/ml), or 
1.06% saline. The amount of fat in the 10% and 20% lipid 
treatments was calculated to be 2.5 and 5.0 times, respec- 
tively, the amount the birds consumed in their normal diet 
during an average 30 min period. The osmolarity of both lipid 
treatments and of the 1.06% saline solution was 340 mOsm. 
A commercially produced lipid solution, 20% Liposyn® (Ab- 
bott Laboratories), was used for the 20% lipid treatment (see 
Table 2 for description of 20% Liposyn®). The 10% lipid 
treatment was obtained by mixing equal amounts of 20% 
Liposyn® and 1.06% saline. The solutions were infused into 
the hepatic circulation of the cockerels in the same manner 
as in Experiment 1. 

Experiment 4. SCWL cockerels 11 weeks of age and 
weighing 900-1100 g were fitted with jugular cannulae as in 
Experiment 2. The treatments used in Experiment 3 were 
tested in these birds to determine the effects of lipids infused 
into the general circulation. 

Experiment 5. Hepatic cannulae were implanted in com- 
mercial broiler Rock-Cornish (RC) cockerels 6 weeks of age 
and weighing 1050-1250 g. Experiment 3 was repeated in 
these birds to determine if lipid infusions would affect food 
intake in this heavy breed of bird. The volume of the infu- 
sions was increased in this experiment to 5-ml to compensate 
for the larger body weight. 


Data Collection and Analysis 


Each experiment was analyzed separately. In all of the 
experiments, cumulative food consumption was measured to 
the nearest g at 1 hr intervals for 3 hours. At each of the time 
periods preplanned orthogonal contrasts were used to test 
for linear and quadratic responses and to determine whether 
the saline and uninjected controls differed [41]. The saline 
and uninjected control treatments were combined when test- 
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TABLE 3 


MEAN AND STANDARD ERROR OF CUMULATIVE FOOD INTAKE (g) BY AD LIB FED SINGLE-COMB WHITE LEGHORN 
COCKERELS FOLLOWING INTRAHEPATIC AND INTRAJUGULAR INFUSIONS OF FREAMINE III® (S-ml VOLUME) 





Food intake (g) 


Intrahepatic Intrajugular 
Treatment 1 hr 2 hr 





Uninjected 

Saline (1 ml) 
1.67% FreAmine® 
3.3% FreAmine® 


4.6 + 0.6 
4.8 + 1.3 
48+ 1.4 
4.1+ 1.0 


ee 
Ne OO 
+ + H It 


Arynw 
~ oe 
—- AIA 


+ # HH 


= 
= 


F(1,18) Values 


linear contrast* ‘ ‘ 0.05 0.23 
quadratic contrast* : A 2.67 0.05 0.32 
uninjected vs. saline ; ‘ 1.72 0.01 0.47 





*Uninjected control and saline treatment were combined when testing for linear and quadratic responses. 


TABLE 4 


MEAN AND STANDARD ERROR OF CUMULATIVE FOOD INTAKE (g) BY AD LIB FED SINGLE-COMB WHITE LEGHORN 
COCKERELS FOLLOWING INTRAHEPATIC AND INTRAJUGULAR INFUSIONS OF LIPOSYN® (1-ml VOLUME) 





Food intake (g) 
Intrahepatic Intrajugular 


Treatment 3 hr 





Uninjected 

Saline (1 ml) 
1.67% FreAmine® 
3.3% FreAmine® 


Sia 17 
9.6 + 1.1 
7.4+ 1.6 
4.9 + 0.7 


92 90 90 10 
oo" @ 
mA 


4+ HH 


Wn ain 
oo. = 
+ + + 


linear contrast* 2.57 4.817 
quadratic contrast* 1.78 0.56 
uninjected vs. saline 0.00 0.06 


F(1,18) Values 


10.32* 


0.55 
0.66 





*Uninjected control and saline treatment were combined when testing for linear and quadratic responses. 
+Linear contrast was significant (p><0.05) at this time period indicating that intrahepatic Liposyn® inhibited food 


intake in a dose-dependent manner. 


ing for the linear and quadratic responses. The statistical 
model for analysis of variance was: 


Yijkl = w + Ri + Dj + Bk + T(1) + e(ijkl) 


Where, R, D, B and T represent replicate, day, bird and 
treatment, respectively. 

Two problems were encountered when designing these 
experiments. First, because broilers grow faster than SCWL 
birds, it was not possible to test both breeds at a comparable 
weight and age. The decision was made to perform the exper- 
iments on the broilers when they were approximately the 
same weight as the SCWL cockerels. Thus, the broilers were 
tested at an earlier age, resulting in age and stock being 
confounded. Second, different birds were used for the 
intrajugular and intrahepatic infusions. Although it would 
have been preferable to have tested solutions 


intrahepatically and intrajugularly in the same bird, we ob- 
served in a preliminary trial that such dual cannulizations put 
unacceptable stress on the birds. Novin and VanderWeele 
[26] reported that when they attempted dual cannulizations 
in rabbits, results were so unsatisfactory that they aban- 
doned the idea. 


RESULTS AND DISCUSSION 


Experiments | and 2. Amino acid solutions, whether in- 
fused intrahepatically (Experiment 1) or intrajugularly (Ex- 
periment 2), had no effect on food intake in the SCWL coc- 
kerels (Table 3). The amino acid solutions used may appear 
to be relatively dilute (3.33% and 1.67%) and small in volume 
(5-ml), but the maximum concentration of amino acid solu- 
tion was dictated by osmolarity constraints. The stock 10% 
FreAmine III® solution had an osmolarity of 900 mOsm, 
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which is far in excess of avian blood (300 mOsm). The 
strongly adverse effect hyperosmolarity has on food intake is 
well documented [1,22]. 

In a preliminary experiment, we tested a larger volume 
(10-ml) of the amino acid solutions. No significant effect was 
observed when 10-ml were administered intrahepatically; 
however, both of the amino acid solutions and the saline 
solution significantly decreased food intake compared with 
the uninjected control when 10-ml were _ infused 
intrajugularly. Such a volume effect has been observed in 
previous studies [6,18]. It was for this reason the smaller 
5-ml volume was used in the present experiment. As stated 
in the methods section, the amount of amino acids in 5-ml of 
the 3.33% solution was calculated to be slightly less than the 
amount of protein these birds consumed in their normal diet 
during an average 30 min period, which should have been a 
sufficient quantity of amino acid to affect food intake if a 
physiological aminostatic mechanism existed in the liver. 

Numerous studies have shown that amino acids influence 
food intake. For example, diets containing high concentra- 
tions of protein or excessive amounts of a single amino acid 
decreased food consumption in rats and chickens [13]. Sub- 
cutaneous injections of amino acids in suckling rats [23] and 
intragastric infusions of amino acids in suckling pigs [15] 
depressed subsequent milk intake. Amino acids adminis- 
tered intragastrically to adult rats depressed food intake [10]. 

Russek [31] inhibited the food intake of rats with intra- 
peritoneal injections of amino acids. In addition he was able 
to decrease feeding in fasted dogs by infusing ammonium 
chloride intraportally [32]. He hypothesized that the liver 
was monitoring ammonium groups and could sense amino 
acids in the portal blood and regulate feeding. Rezek and 
Novin [29] demonstrated that both casein and protein 
metabolites inhibited food intake in rabbits when infused 
intraportally. Recently, Shurlock and Forbes [36] demon- 
strated that intrahepatic infusions of amino acids inhibited 
food intake of chickens. Nevertheless, the lack of an effect 
following hepatic amino acid infusions as reported in our 
experiment has also been observed previously. Stephens and 
Baldwin [44] were unable to influence the food intake of pigs 
even with large intraportal infusions of amino acid solutions. 
Similarly, Bellinger and co-workers [1] failed to influence 
feeding in dogs with hepatic infusions of amino acids. 

There may be several reasons for the difference between 
our results and those of Shurlock and Forbes [36]. The latter 
used chickens approaching sexual maturity (24 weeks of age) 
whereas immature, 12-week-old chickens were used in the 
current study. A second major difference between the two 
studies was the quantity of amino acid and the volume of 
infusate delivered to the subjects. Shurlock and Forbes in- 
fused 162 ml of amino acid solution over a 3-hr period which 
exceeded the infusate volume and quantity of amino acids in 
our study by a considerable margin. Thus, it appears that 
relatively large quantities of an amino acid solution can in- 
hibit feeding in the fowl [36], whereas smaller quantities may 
not. While it is possible that the quantity of amino acids used 
in the present experiment was inadequate to stimulate the 
putative aminostatic food intake regulatory mechanism, one 
must, nevertheless, remain cognizant of possible phar- 
macological responses in studies of this type. 

Experiment 3. When lipid was administered to SCWL 
cockerels via the hepatic cannulae, analysis of variance indi- 
cated that treatment differences were significant at 3 hr 
post-infusion, F(3,18)=3.84, p<0.05. The pre-planned or- 
thogonal contrasts demonstrated a significant linear re- 
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TABLE 5 


MEAN AND STANDARD ERROR OF CUMULATIVE FOOD INTAKE (g) 
BY AD LIB FED ROCK-CORNISH COCKERELS FOLLOWING 
INTRAHEPATIC INFUSIONS OF LIPOSYN® (S-ml VOLUME) 





Food Intake (g) 
Treatment 1 hr 2 hr 3 hr 





20.0 + 3.3 
24.9 + 3.1 
22.6 + 2.5 
20.1 + 2.9 


Uninjected 
Saline 

10% Liposyn® 
20% Liposyn® 


29.0 + 5.1 
35.0 + 4.6 
29.9 + 3.9 
27.5 + 5.0 


36.6 + 5.8 
44.5 + 6.3 
36.5 + 3.9 
35.2 + 6.8 


F(1,18) Values 


Contrasts 
linear ‘ 0.90 
quadratic* k 0.02 
uninjected A 1.20 
vs. saline* 





*Uninjected control and saline treatment were combined when 
testing for linear and quadratic responses. 


sponse (p<0.05) for cumulative food intake at 2 and 3 hr 
post-infusion (Table 4), indicating that intrahepatic lipid in- 
fusions inhibit food intake in a dose-dependent manner. The 
saline treatment did not affect food intake as compared with 
the uninjected control. When compared to the saline treat- 
ment, the caloric intake of the birds treated with the 20% 
lipid infusion (2.0 kcal) was reduced 8.3, 10.1 and 12.6 kcal at 
1, 2, and 3 hr post-infusion, respectively. Thus, the lipid 
treatment inhibited food intake in excess of calories infused. 
These results indicate that the SCWL is sensitive to very 
small amounts of lipid administered intrahepatically. 

It is possible that a non-specific factor such as malaise 
may have influenced food intake in this experiment. Al- 
though no quantitative tests were performed, the behavior or 
symptoms normally associated with malaise were not ob- 
served in any of the subjects. The lipid-treated birds were 
alert, active, and interested in food following the infusions; 
they simply did not consume as much food as control birds. 

Several other researchers have also reported that periph- 
erally administered lipids have a considerable impact on food 
intake. For example, Deutsch and Gonzalez [8] demon- 
strated that rats meter gastric triglyceride content. Intrave- 
nous lipid injections decreased food intake in normal rats [6] 
and negative correlations have been observed between food 
intake and plasma fat metabolites in rats recovering from 
reversible obesity [7]. Orally or intragastrically administered 
corn oil decreased food intake in rats [28]. Glick [12], Brief 
and Davis [3] and Wirtshafter and Davis [48] observed that 
glycerol decreased food intake in rats, and they suggested 
that glycerol might be the critical substance monitored by the 
central nervous system in regulating food intake and body 
weight. However, dissenting views also exist [27]. 

Not all food intake studies have shown that lipids inhibit 
feeding. Alimentary infusions of neutral fats did not influ- 
ence food intake in the pig [43]. Geliebter [10] found that fat 
administered intragastrically did not affect food intake as 
much as equicaloric loads of carbohydrate or protein. Circu- 
lating free fatty acid concentrations have been negatively corre- 
lated with satiety and positively correlated with hunger [46]. 

Heparin, which was used in our experiments to keep the 
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hepatic and jugular cannulae open, can affect lipolysis [9]. 
Endogenous heparin appears to be an essential cofactor for 
the lipoprotein lipase enzymatic system which is the major 
physiological mechanism involved in removal of triglyceride 
from the blood. Therefore, it is possible that lipolysis and 
triglyceride removal were enhanced when our cannulae were 
flushed with heparin. However, since all of the birds re- 
ceived identical heparin infusions, the lipid induced inhibi- 
tion of feeding we observed was likely due to the lipid treat- 
ment and not the heparin. 

Experiment 4. Food intake of the SCWL cockerels was 
not affected by intrajugular lipid infusions (Table 4). Thus, 
lipid treatments that inhibited food intake when infused 
intrahepatically failed to do so when administered 
intrajugularly. It would appear that the effect observed in 
Experiment 3 is specific to the site of infusion and that the 
liver of the fowl is capable of monitoring circulating lipid 
levels and regulating food intake accordingly. 

Experiment 5. Food intake of RC chicks was not affected 
by either intrahepatic lipid or saline infusions (Table 5). Even 
though the volume of lipid infused into the RC cockerels was 
five times the amount infused into the SCWL cockerels, no 
significant depression in food intake was observed (in a pre- 
liminary experiment 5- ml of 20% lipid decreased food intake 
in SCWL cockerels by 75%). The reason for this lack of 
effect is equivocal. It may be that the liver of the broiler is 
not responsive to lipid stimulation or that the central nervous 
system is insensitive to neural or humoral signals from the 
liver. 

Several other studies have shown that appetite control 
mechanisms in fast-growing birds lack sensitivity. Nir and 
coworkers [24] observed that food intake of ad lib fed light- 
breed chicks could be increased 70% by force-feeding, but 
intake of heavy-breed chicks could be increased only 13%. 
Ventromedial hypothalamic lesions caused hyperphagia in 
genetically selected low-weight line chickens but had no ef- 
fect in high-weight line chickens [4]. Intragastric intubations 
of tyrosine and tryptophan increased and decreased food 
intake, respectively, in SCWL cockerels; the same amino 
acid intubations had a lesser or no effect in broilers [17]. 
Glucose infused intrahepatically in SCWL chicks inhibited 
food intake, while similar infusions in broilers did not [18]. 
Egg-type chickens are selected for high egg production at a 
minimal body weight while meat-type chickens are selected 
for increased body weight. Much of the improvement in 
body weight has come about through increased food con- 
sumption [21]. Evidence of the difference in body weights 
between the two types of chickens is seen in this experiment; 
the RC chicks average body weight at 6 weeks of age was 
1116+68 g while the SCWL chicks at 11 weeks of age 
weighed 989+55 g. The differences in feed consumption are 
as dramatic in that the RC controls consumed 36.6 g while 
the SCWL controls consumed 11.2 g during the 3-hr time 
interval, demonstrating the great differences in feed intake. 


GENERAL DISCUSSION 


Since the present study was performed in ad lib fed 
chickens, the important influence of nutritional status should 
be addressed. Novin et al. [25] first suggested that nutritional 
status needed to be considered when examining glucostatic 
inhibition of food intake in the rabbit. Intrahepatic glucose 
infusions had no effect on food intake of ad lib fed rabbits but 
significantly depressed feeding in 22-hr fasted rabbits. It was 
hypothesized that intrahepatic glucose loads would decrease 
food intake in the rabbit only when liver glycogen stores 
were depleted. In a subsequent experiment in ad lib fed rab- 
bits, Rezek and Novin [29] confirmed that intrahepatic glu- 
cose infusions did not influence appetite; however, they 
found that infusions of nonsaccharides such as glycerol, ca- 
sein or ammonium chloride all significantly suppressed food 
intake. 

The fowl does not appear to respond to glucose in the 
same manner as the rabbit. Shurlock and Forbes [35] 
demonstrated that intrahepatic infusions of large quantities 
of glucose inhibited food intake in both ad lib fed and 21-hr 
fasted chickens. They suggested that since the free-feeding 
fowl has comparatively low hepatic glycogen levels, it may 
simulate the fasted mammal. Utilizing relatively lesser 
quantities of glucose, Lacy et al. [18] found that the food 
intake of free-feeding chickens was depressed by intraportal 
glucose injections but the food intake of 16-hr fasted chick- 
ens was not influenced. 


SUMMARY AND CONCLUSIONS 


Previous work has indicated that the liver plays an impor- 
tant role in the regulation of food intake in the domestic fowl 
[18, 35, 36]. The present experiments suggest that food in- 
take of SCWL cockerels is not influenced by intraportal 
amino acid infusions. However, feeding in SCWL cockerels 
was significantly inhibited by hepatic portal infusions of 
lipid. Such an inhibition was not observed in SCWL coc- 
kerels infused with lipid intrajugularly, suggesting that the 
liver was monitoring plasma lipid levels and adjusting appetite 
accordingly. Food intake of broiler chickens was not influ- 
enced by hepatic lipid infusions which supports the ac- 
cumulating evidence that genetic selection for increased 
body weight has desensitized appetite regulatory mech- 
anisms. 
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GANNON, K. N., H. V. SMITH AND K. J. TIERNEY. Effects of rate and distance of procurement wheel-running on 
saccharin-and-sucrose solution drinking by non-deprived rats. PHYSIOL BEHAV 36(3) 539-543, 1986.—Four non- 
deprived rats received daily sessions of 20 min access to a saccharin-and-sucrose solution following various prior activities, 
in an attempt to disentangle the normally confounded roles of time spent, amount and rate of procurement responding in 
causing an increase in consumption once access is gained. After the normal rate of running (approx 35 m/min) was 
established, six conditions were run in random order, involving waiting zero and 2.5 min in an immobilised running-wheel, 
and running, with the wheel rotated by a motor, in four conditions formed by combining two speeds (12 and 30 m/min) with 
two distances (12 and 30 m), prior to access to the solution. Drinking increased with the speed of prior running, and to a 
lesser extent with the distance run, but was not related systematically to the time spent running. It is suggested that 
information from the animal's own behavior in gaining access to a commodity, particularly the rate of energy expenditure, 


may influence its utilisation of the commodity by affecting the rate of subsequent consummatory responding. 


Procurement cost Wheel-running 


Non-deprived rats 


Foraging Rate of drinking Meal size 





WHEN there is a procurement cost involved in gaining ac- 
cess to a commodity, such as food or water, animals respond 
to increases in that cost by reducing the frequency with 
which they seek access to the commodity and increasing the 
amount of it they take on each occasion (e.g., [4,11]). The 
total daily intake of the commodity tends to be defended up 
to high values of the procurement cost, but this strategy 
means that the time and energy spent in procurement re- 
sponding does not have to rise as a linear function of the 
cost. 

This strategy appears to be adaptive, but little is known 
about its immediate causes, although some of the mech- 
anisms involved may have been identified. For example, it 
has been found that when rats are tested at a constant level 
of deprivation the quantity of food they consume [6], or of 
water they drink [19], or, in the case of non-deprived rats, 
the time they spend drinking a saccharin-sucrose solution [7] 
in a fixed period of access gained by performing a procure- 
ment requirement, rises as that requirement increases. This 
increase in the total consumed appears to occur because the 
rate of consumption is elevated in the first few minutes of 
access in proportion to the size of the procurement cost paid 
immediately before [19]. 

However, it is not known for certain which aspects of 
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procurement responding are responsible for these effects. 
The procurement responses used in experiments have usu- 
ally been either lever-pressing (e.g., [4,6]), or wheel-running 
(e.g., [7,8]), and the costs have been increased by requiring 
the subjects to perform more presses or to run a greater 
distance. Increasing the cost therefore usually means that 
the subject will not only have to expend more energy to gain 
access, but it will also have to expend more time performing 
the responses, unless it increases the rate at which it re- 
sponds. Quite possibly more time will be taken even if the 
rate is also increased. For example, in the experiment by 
Gannon et al. [6], the rate of lever-pressing increased mono- 
tonically with the lever-press requirement, but not suffi- 
ciently tc keep constant the time taken to gain access to the 
food. 

If more time is taken and there is consequently a greater 
delay in gaining access to the commodity the animal’s degree 
of deprivation may be increased, but there is evidence [6,7] 
which makes it possible to discount extra deprivation as a 
cause of the effect reported by Gannon et al. [6,7]. It appears 
likely, therefore, tnat some aspect of procurement respond- 
ing itself is responsible for the effect on subsequent con- 
summatory behaviour. The toal amount of responding per- 
formed, the time expended in responding (not simply the 
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delay in gaining access), and the ratio of these (i.e., the rate 
at which responding took place) could all possibly be in- 
volved in this capacity. 

The available evidence does not make it possible to come 
to any firm conclusion concerning the way in which animals 
might use these variables in scaling the procurement cost for 
the purpose of adjusting their consumption of the commodity 
once access has been gained. Collier et al. [5] performed a 
factorially designed experiment with cats in which the 
number of lever-presses and the force required to depress 
the lever were both varied systematically, but the results did 
not entirely clarify the issue. The cats lived in the apparatus, 
and had to pay a procurement cost whenever they wanted to 
gain access to food. They took fewer and larger meals as 
both the number of presses and the force were increased, 
and the two variables interacted, such that each had its 
greatest effect when the other was small. However, the rate 
of responding varied as the cost was changed, so that, for 
example, even when the number of presses was held con- 
stant the subjects took longer to perform them as the force 
required on the bar was increased. Thus the three variables 
were again confounded. 

The present study was designed to overcome this con- 
founding by bringing these variables under experimental con- 
trol. This was done by requiring the subjects to run in a 
wheel, the rotation of which was controlled by an electric 
motor, before they were given access to a solution which 
they could drink for a fixed period of time. Thus the rate and 
distance for which running took place (and consequently also 
the time spent running) could be predetermined. In other 
respects the study was similar to that performed by Gannon 
et al. [7], in that non-deprived subjects were employed and 
they were tested daily, rather than to the experiments of 
Collier (e.g., [4, 5, 8]) in which the subjects lived in the 
apparatus permanently and chose when to initiate and termi- 
nate their access to whatever commodity was involved. 


METHOD 
Subjects 


The subjects were 4 female albino rats (Wistar strain) 
which had been bred in the University animal house. They 
were supplied to the laboratory at approximately 120 days of 
age, and were initially used in an undergraduate practical 
involving the shaping of a chain of responses. When the 


present experiment began they were approximately 180 days 
old. 


Apparatus 


Testing took place in an enclosed running-wheel, 31.8 cm 
in diameter and 7 cm deep. The wheel could be prevented 
from revolving by means of a solenoid-operated brake, or 
made to revolve by means of a variable-speed electric motor 
which was linked to it by a detachable shaft. There was a 2 
cm diameter hole in the non-revolving front panel of the 
wheel, 0.5 cm behing which a drinking-tube could be made 
available. The latter contained a solution made by dissolving 
two 17 mg tablets of saccharin sodium (Hermesetas) and 5 g 
of sucrose in 150 ml of water. The position of the hole was 
such that a rat in the wheel could drink conveniently by 
turning its head 3 to 4 cm from the position it was in during 
running. By means of a solenoid the drinking-tube could be 
withdrawn sideways to a position in which it could not be 
reached by a rat in the wheel. 
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TABLE 1 


MEAN TIME SPENT DRINKING, AND MEAN NUMBER OF LICKS, 
PER SESSION, IN THE 8 EXPERIMENTAL CONDITIONS 





Time spent 
drinking (sec) 


Number 


Condition of licks 





Paired Baseline 
Free Running 
Waiting 

Free Access 

12 m at 12 m/min 
30 m at 12 m/min 
12 m at 30 m/min 
30 m at 30 m/min 


278.15 
324.13 
376.25 
363.83 
387.10 
411.48 
434.25 
465.00 





The experiment was controlled by a C.B.M. microcompu- 
ter located in a separate room, which determined the opera- 
tions of the solenoids and of the motor when it was attached 
to the wheel, and also recorded the time spent drinking (and 
the time spent running, when this was free to vary). The 
latter were recorded by cumulating the number of 0.25 sec 
intervals containing either at least one lick of the tube, or at 
least one-sixth of a revolution of the wheel. In addition, elec- 
tromechanical counters recorded the total number of licks 
and one-sixth revolutions during each session. 


Procedure 


Throughout the experiment, which took place during the 
summer months, the subjects were maintained under natural 
daylight conditions and lived individually in standard labora- 
tory cages, in which they had constant free access to food 
and water. They were removed for a session of testing on 
each of six days a week, at the same time every day (between 
2 and 5 p.m.). Sessions were run in each of eight conditions. 
No condition was terminated until the subject’s performance 
had been stable for eight sessions. The criteria of stability 
included the following: (a) Daniel’s test for trend [2] indi- 
cated there was no statistically significant (p<0.05) increas- 
ing or decreasing trend in the time spent drinking (and also 
running when this was free to vary) over eight successive 
sessions, and (b) the averages of the five overlapping 
4-session blocks within the eight sessions did not differ from 
their own mean by more than 10%. (The mean number of 
sessions taken before stability was acheived, across subjects 
and conditions, was 10.97.) 

The first condition to which the subjects were exposed 
was a “paired baseline.’’ The subjects were placed in the 
wheel for sessions of 20 min duration, and were permitted to 
run and drink freely, and to alternate between these two 
types of responding whenever they chose. The brake on the 
wheel was off, the motor was detached, and the drinking- 
tube was available throughout the session. The purpose of 
including this condition was to allow the subjects to become 
habituated to the apparatus, and also to permit an assess- 
ment of their normal running speed. 

The second condition (‘‘free running’’) was one in which 
the subjects were allowed to run freely for the first 150 sec 
after being placed in the wheel, and were then allowed to 
drink freely for the following 20 min. The brake on the wheel 
was switched on at the end of the 150 sec to prevent further 
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running, and the drinking tube was made available by the 
operation of the solenoid. This condition was included 
mainly to familiarise the subjects with the general sequence 
of events that was to occur in the subsequent conditions. 

The six conditions that followed were run in a different 
random order for each subject. Four of them were ones in 
which the wheel was driven by the motor. In these four 
conditions as soon as the subject was placed in the wheel the 
motor was switched on, and it rotated at one of two speeds 
(12 or 30 m/min) until the wheel had turned one of two dis- 
tances (12 or 30 m). This meant that the subject had to run for 
either 24 sec (12 m at 30 m/min), 60 sec (12 m at 12 m/min, 
and 30 m at 30 m/min) or 150 sec (30 m at 12 m/min). At the 
end of this time the wheel was locked, and the drinking-tube 
became available for 20 min. The distances and running- 
speeds used in these four conditions were selected on the 
basis of the performance of the subjects in the paired 
baseline condition. The maximum speed at which the wheel 
was made to rotate by the motor (30 m/min) was comfortably 
below the average speed (35.5 m/min, SD=5.0) at which the 
subjects themselves ran in the paired baseline condition and 
the maximum distance was less than half the average dis- 
tance (78.4 m, SD=57.8) they ran in that condition. The main 
difference between the running that took place in these four 
conditions and that which occurred when the motor was not 
attached to the wheel was that running in the latter case 
tended to occur in shorter bursts, but at a faster rate. 

In one of the other conditions (*‘free access’’) the subject 
was placed in the wheel, with the brake on, and immediately 
permitted to drink for 20 min, and in the other (**waiting’’) it 
was placed in the wheel, with the brake on, and made to wait 
for 150 sec before the drinking-tube became available for 20 
min. 


RESULTS 


The data analysed were the mean time spent drinking, and 
the mean number of licks, across the sessions when respond- 
ing had stabilised, by each subject in each of the eight condi- 
tions. The conditions affected each of the fou subjects in 
very much the same way. Kendall’s coefficie:.. of concor- 
dance [18] indicated a significant agreement between the sub- 
jects in the rank ordering of the conditions on the basis of 
both the time spent drinking, W=0.875, p<0.001, and the 
number of licks, W=0.827, p<0.01. The average across the 
subjects of the time spent drinking and the number of licks 
performed in each condition can be seen in Table 1. 

A one-way repeated-measures analysis of variance of the 
time spent drinking revealed that the conditions were a 
signficant source of variance, F(7,21)=9.71, p<0.01. Com- 
parisons of the means by the Newman-Keuls method [20] 
revealed: (a) that significantly less time was spent drinking in 
the paired baseline condition than in all of the other conditions 
except the free running one, p’s<0.05; (b) that significantly 
less time was spent drinking in the free running condition 
than in any of the conditions in which the wheel was driven 
by the motor, except for the one in which it was driven for 12 
m at 12 m/min, p’s<0.05; and (c) that when the wheel was 
driven for 30 m at 30 m/min there was significantly more time 
spent drinking than in all of the other conditions except for 
those in which it was driven for 30 m at 12 m/min and for 12 
m at 30 m/min, p’s<0.05. 

The equivalent analysis of the number of licks performed 
produced very similar results; the only differences were that 
there was significantly more licking in the free running con- 
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FIG. 1. Time spent drinking as a function of time spent running, in 
the conditions in which the motor was attached to the wheel. 
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dition than there was in the paired baseline, p<0.01, and 
only the 30 m at 30 m/min condition produced significantly 
more licking than the free running one, p<0.05. [N.B., in the 
150 sec available for running in the latter condition the sub- 
jects on average ran a distance of 17.4 m (SD=11.3), at a 
speed of 32.2 m/min (SD=3.6), occupying a time of 31.6 sec 
(SD=18.8)]. 

Although the one-way analyses of variance revealed that 
there was more drinking in the 30 m at 30 m/min condition 
than there was in the 12 m at 12 m/min one, their results did 
not permit any more detailed inferences to be drawn con- 
cerning the independent or interactive effects of the speed of 
rotation of the wheel and the distance the subjects were re- 
quired to run. To elucidate these effects a number of further 
analyses were performed. The first of these were two 2x2 
(speed xX distance) analyses of variance, with repeated 
measures on both factors, of the time spent drinking and the 
number of licks in the four conditions in which the wheel was 
driven. The only significant source of variance revealed in 
both these analyses was that of the speed of rotation of the 
wheel, F(1,3)=19.82, p<0.05, and F(1,3)=16.05, p<0.05, re- 
spectively. When the subjects were required to run at the 
faster speed they subsequently drank more than when they 
were required to run at the slower speed. 

The effect of the speed of rotation is easy to discern by 
inspection of the means in Table 1. However, there is also 
some evidence in Table 1 of a trend for the amount of drink- 
ing to increase as the distance was increased, within each 
speed of rotation condition. This trend is particularly obvi- 
ous if the mean of the free access condition (in which the 
subjects were required to run zero distance) is included in 
each of the series. The failure to include this condition in the 
previous analyses may have resulted in the importance of 
this variable having been overlooked, and therefore a check 
was made on the significance of these trends by performing 
Page’s L trend test [16] on the two series for each variable. 
These revealed that there was a significant monotonic trend 
for both the time spent drinking and the number of licks 
performed, to increase as the distance increased (across the 
series 0, 12 and 30 m) when the speed of rotation of the wheel 
was 30 m/min, L’s=55, p’s=0.01 in both cases, but when it 
was 12 m/min the trends just failed to achieve an acceptable 
level of statistical significance. 
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Within each of these series the distance run was con- 
founded with the time spent running, but it is unlikely that 
the effect is attributable to the latter. There was no consis- 
tent relationship between the time spent running and the 
amount of drinking that followed. This can be seen by refer- 
ence to Fig. 1, which depicts the time spent drinking as a 
function of the time spent running in the relevant conditions. 
For example, 60 sec running at 12 m/min did not produce 
significantly more drinking than immediate access to the 
drinking tube, and there was less drinking after 150 sec run- 
ning at 12 m/min than there was after 24 sec running at 30 
m/min. 


DISCUSSION 


In general terms these results are similar to those of pre- 
vious experiments in which procurement costs were varied 
and found to affect the amount of consumption that subse- 
quently occurred in a fixed period of access to a restricted 
commodity [6, 7, 19]. The results also support the conclusion 
[6,7] that the effect does not depend on the delay in gaining 
access to the commodity caused by having to perform the 
procurement requirement. 

In addition, the results add considerably to the previous 
findings, and permit conclusions to be drawn concerning the 
way in which various features of procurement responding 
affect subsequent consummatory behaviour. The foremost 
of these is that when a rat works to gain access to a com- 
modity the major determinant of the amount of consumma- 
tory responding that will occur is the rate at which it performs 
the procurement requirement. The total amount of procure- 
ment responding appears to be of lesser importance in this 
respect, although there was evidence that it does play some 
part, particularly if the rate of responding is high. On the 
other hand the duration for which responding occurs does 
not seem to be systematically related to the amount of sub- 
sequent responding. 

The present results also support the conclusion that the 
contingency between procurement and consummatory re- 
sponding is essential in producing the procurement cost ef- 
fect. The ‘‘free running’’ condition in this experiment 
produced an amount of drinking that was not significantly 
different from that which occurred in the ‘‘waiting’’ condi- 
tion, both of which involved a delay of 150 sec before the 
drinking tube became available. The ‘‘free running’’ condi- 
tion also produced significantly less time spent drinking than 
the condition in which the subjects had to run 12 m at 30 
m/min, despite the fact that the subjects on average ran 
about 17 m at about 32 m/min during the time available. 

The analysis of the way animals make decisions while 
foraging is currently provoking much interest within be- 
havioral ecology (e.g., [13,14]). The theoretical basis for 
much of this research is optimality theory (e.g., [12]). How- 
ever, the latter does not provide information about the deci- 
sion processes themselves; it merely specifies the course of 
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action which an animal should choose in order to maximize 
(or minimize) certain functions. It is frequently assumed 
(e.g., [1, 10, 15]) that animals utilise simple *‘rules of thumb”’ 
in making these decisions. The present experiment illustrates 
one approach to elucidating the nature of these rules in the 
case of the procurement component of foraging behaviour. 
Further work will be required to ascertain more precisely 
how animals scale costs, but the results of this experiment 
would suggest that rats may utilise information from their 
own behavior when gaining access to a resource as a basis 
for deciding how to exploit it. The amount of work per- 
formed in gaining access to the resource, and in particular 
the rate at which that work has been performed, are the 
important factors which they appear to use in this context. 

Clearly this analysis will not be applicable to all types of 
foraging situation. Rate and amount of responding may not 
be crucial variables for all foragers, either because their prey 
is distributed in such a fashion that these variables bear little 
relationship to encounter rate, and hence convey no infor- 
mation about distribution, or because the forager may adopt 
a strategy which does not include them as variables. They 
may, however, exert a significant effect on the meal param- 
eters of animals whose foraging strategies do not preclude 
them. 

It was somewhat surprising to find that individually 
neither the amount of procurement repsonding nor the time 
spent performing the procurement response had particularly 
important effects on subsequent consummatory behavior. In 
previous experiments [6,7] the amount of responding was 
found to have a greater effect than it had in the present one, 
and temporal variables have been found to be important in 
other laboratory studies of foraging (e.g., [9]). Optimal forag- 
ing theory proposes that animals are sensitive to time con- 
straints, subject to the constraints imposed by satisfying 
their energy requirements [17]. Of course, the relationship 
between the size of the procurement cost and the time spent 
responding, i.e., the rate of responding was found to have a 
significant effect, and it may be in this way that temporal 
variables become important in certain cirmcumstances. If 
the cost of gaining access to a commodity is fixed an animal 
will have to increase the rate at which it pays that cost if it is 
to reduce its foraging time. 

Collier et al. (e.g., [4]) have found that the size and pat- 
terning of meals in freely foraging animals depend upon the 
procurement cost. Smith et al. [19] found that the size of the 
procurement cost paid immediately before consummatory 
responding begins affects the rate at which the latter re- 
sponse is performed. Clifton et a/. [3] have recently reported 
that the rate of intake of food influences the size and pattern- 
ing of meals in a way similar to a procurement cost. These 
relationships, taken together with the results of the present 
experiment, offer the possibility that both the size and pat- 
terning of meals may ultimately depend upon the rate at 
which the animal pays the procurement cost. 
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De LUCA, B. AND M. MONDA. Neophobia, conditioned taste aversion and EEG arousal after globus pallidus lesion. 
PHYSIOL BEHAV 36(3) 545-551, 1986.—Rats with unilateral or bilateral electrolytic lesions in the globus pallidus (GP) 
became aphagic and adipsic. Aphagia and adipsia lasted 2-3 days in rats with unilateral lesion, but were more persistent in 
animals with bilateral lesions. EEG arousal induced by nociceptive stimuli applied to the side of the body contralateral to 
the unilateral pallidal lesion was of shorter duration than that induced by ipsilateral stimulation; no difference was found 
between rats injured in left or right (GP). Total exploratory activity of rats with symmetrical or asymmetrical lesions, 
exposed to a novel environment for ten min, was not different from that of the control group, but the exploratory activity 
measured in a 60 sec block showed trends in the two injured groups being different than those in the controls. Rats with 
unilateral right or bilateral lesions showed a lower level of neophobia for saccharin than controls. Acquisition of con- 
ditioned taste aversion was similar in lesioned rats and controls, but extinction of the conditioned taste aversion was slower 


in the intact than in the injured animals. 
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THE lateral hypothalamus (LH) is involved in the regulation 
of water and food intake; bilateral or unilateral electrolytic 
lesions of this area induce aphagia and adipsia lasting several 
days [1,7]. Rats with lesions such as these can only survive 
with intragastric tube feeding. Inability to respond to 
glycodeprivation or dehydration even after recovery from 
aphagia and adipsia is the outstanding feature [8,31]. Other 
symptoms that characterize lateral hypothalamic syndrome 
are finickiness, severe impairment in orienting to sensory 
stimuli and akinesia [17,32]. 

In addition to the (LH), other structures are involved in 
the maintenance of feeding and drinking. Electrolytic or 
chemical lesions of midbrain tegmentum [2], substantia nigra 
[33], neostriatum [5], and temporal lobe [23] induce aphagia 
and adipsia. Comparable or more serious disturbances in 
feeding and drinking appear after 6-hydroxydopamine (6- 
OHDA) or electrolytic lesions of the globus pallidus (GP) 
[18,21]. 

The loss of body weight following pallidal lesions is partly 
due to the impaired regulation of water and food intake, 
partly due to neurometabolic-neurohumoral effects, since 
body weight reduction and mortality indexes are consistently 
higher in males than in female rats. The differences between 
the two sexes disappear after neonatal castration [10, 13, 14]. 

Feeding and drinking disturbances, appearing after palli- 
dal lesions, are accompanied by neurological dysfunction, 
i.e., motor impairment, failure to orient toward sensory 
stimuli (neglect) and reduced consummatory reactivity to 
aversive as well as highly palatable gustatory stimuli [3, 11, 
15, 16, 19, 29]. Unilateral neglect induced by contralateral 
lesion of the (GP) can be quantified by measuring the dura- 
tion of electroencephalographic (EEG) arousal, elicited by 


sensory stimuli of equal intensity applied to symmetrical 
points on both sides of the body [27]. 

Recovered lateral hypothalamic rats display a marked 
preference for a flavored liquid diet; however, unlike intact 
animals they are unable to switch from this diet to another 
when the preferred diet is paired with LiCl poisoning [24]. 

The present work was undertaken to study the EEG and 
behavioral arousal along with the conditioned taste aversion 
in rats recovered from unilateral or bilateral pallidal elec- 
trolytic lesions. 


METHOD 
Subjects 


Adult male Sprague-Dawley rats (N=87) were used. 
These were bred in our laboratory and had a body weight 
between 250 g and 300 g at the start of the experiment. The 
animals had no prior experience with water or food depriva- 
tion or with saccharin taste. They were kept individually in 
plastic cages, having two vertical drinking tubes with 
enlarged holes (2 mm in diameter), for two weeks before and 
during the entire study. Food (Mil Morini) and water were 
freely available in the cage at all times. Room temperature 
was kept at 22+ 1°C and humidity at about 70%. House light- 
ing was turned on at 06.00 and off at 18.00 hours. All behav- 
ioral tests were carried out during the dark phase of the 
cycle. 


Procedure 


Food and water intake together with body weight were 
recorded daily for one week. Subsequently, the rats after 
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first being anesthetized with nembutal (45 mg/kg b.w.) were 
fixed in a stereotaxic apparatus with the lambda 1 mm lower 
than the bregma according to Fifkova and MarSala [9]. A 
stainless-steel wire, 250 wm in diameter and insulated except 
for 0.5 mm of the tip, was used as the lesion electrode. This 
was inserted 0.6 mm posteriorly to the bregma, 3 mm later- 
ally to the midline and 6.8 mm below the surface of the skull. 
The lesions were induced by passing a 2 mA anodal current 
for 20 sec, a rectal cathode served as a remote electrode. 

Lesions were made in both hemispheres of 47 animals 
(group with bilateral lesion); in the right hemisphere in 17 
animals (group with unilateral right lesion); in the left hemi- 
sphere in 8 animals (group with unilateral left lesion); 15 
which constituted the control group were anesthetized, fixed 
in the stereotaxic apparatus and subjected to cranial drilling. 
Two silver screws (2 mm in diameter) were symmetrically 
placed over the parietal cortex of both hemispheres and 
served as epidural electrodes. A silver reference screw elec- 
trode was placed in the nasal bone in 10 rats with unilateral 
right lesion, in 8 rats with unilateral left lesion and in 10 rats 
of the control group. Anchoring bolts were placed in the 
frontal and occipital bones and the electrodes were con- 
nected to a three-pin miniature socket. The whole implant 
was afterwards fixed to the skull with acrylate. 

After surgery, all animals were put on medication regi- 
mens of penicillin which was injected for three days. They 
were also placed on a liquid diet and fed through a stomach 
tube three times a day during the light period. Quantity of 
food intake was calculated on the basis of that which was 
administered seven days prior to the lesion. 

The liquid diet (caloric density=1.76 kcal/g) was com- 
posed of 10.6% protein, 8.7% fat, 13.5% carbohydrate, 3.4% 
salt mix, 0.4% vitamin mix and 64.4% water. When spon- 
taneous eating and drinking occurred the amount of liquid 
diet was correspondingly decreased. 

Control rats with sham lesion were tube fed once a day for 
three days with the same liquid diet. 

One week after pallidal lesion occurrence the rats with 
cortical electrodes were anesthetized with urethane (0.9 g/kg 
b.w.) and tested for EEG arousal. Unipolar recordings were 
obtained from the two symmetrical electrodes placed on the 
parietal cortices with a Beckman Dynograph. Pressure 
pulses of constant intensity (500 g) applied alternately with a 
metal rod (1 mm in diameter) to symmetrical points of the 
skin on both sides of the body, were used as arousing stimuli. 
The stimuli were applied at 8-10 min intervals. According to 
Siegfried and Bures [27] an asymmetry index was calculated 
by dividing the duration of EEG desynchronization (arousal) 
in the contralateral side to the lesion by the summed duration 
of the EEG desynchronization elicited from both sides. 

Behavioral tests. Ten rats with bilateral lesions, ten rats 
with unilateral right lesion and ten control animals were run 
through a modified Lat’s maze [25] for a 10 min period nine 
days after pallidal lesions. The number of square crossings 
and rearing were monitored per 60 sec-blocks. The decre- 
ment in horizontal (HA), vertical (VA) and total activity 
(HA+VA) was operationally defined as short-term response 
habituation. 

One week after full recovery of spontaneous eating, 15 
rats with right unilateral lesion, 15 rats with bilateral lesions 
of (GP) and 15 control rats were tested for neophobia and 
conditioned taste aversion. All the rats were deprived of 
water for 24 hr; after which they were individually placed for 
20 min into a test box with water available from two 50 ml 
glass drinking tubes, graduated at 0.1 ml per division. At the 
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FIG. 1. Frontal section through the brain of rats with a bilateral 
(upper) or unilateral (lower) electrolytic lesion in the globus pallidus. 


end of the testing period the rats were returned to their 
cages. Food was available but water was withheld (day 1). 
The same treatment was repeated the next day (day 2). On 
day 3 both tubes were filled with a 0.1% solution of Na- 
saccharin. The differences between the amount of fluid in- 
gested on day 2 (tap water) and on day 3 (saccharin) was 
used as a measure of neophobia for saccharin. One hour after 
the presentation of the sweet taste the animals were injected 
intraperitoneally with a 0.14 M LiCl solution (20 ml/kg b.w.). 
On day 4, rats from all three groups were put in the test box 
with one tube filled with saccharin and the other with tap 
water. The level of aversion reached by each animal was 
computed as the percent ratio between the volume of sac- 
charin consumed and the volume of total fluid ingested. On 
the subsequent days, i.e., 5, 6, and 7, saccharin was adminis- 
tered in both tubes and presented to all rats as the only 
available source of liquid for 20 min. The amount of saccha- 
rin consumed was measured and overall fluid intake was 
normalized to the body weight of each animal. We used this 
schedule because the choice procedure (day 4) is the best 
procedure in providing evidence of learned aver ion [4], the 
single stimulus procedure (day 5 to 7) was used for its faster 
rate of extinction. 

At the end of the experiment the animals were injected 
with an overdose of nembutal and their brains removed for 
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FIG. 2. EEG arousal reactions in both hemicortices elicited with noxious stimuli applied to symmetri- 
cal points of the skin of a control rat under urethane anesthesia. Electrode position shown in inset brain 


diagram. 


histological analysis. Frozen 100 um sections were subse- 
quently stained with cresyl-violet in order to determine the 
position and the extent of the lesions. 


Data Analysis 


Results are expressed as mean value+standard error of 
mean. Statistics were computed using /-test for independent 
samples or one-way analysis of variance (ANOVA) or 
ANOVA for trends. When significant differences were found 
by ANOVA, subsequent analysis was conducted by Schef- 
fé’s S-method to determine the loci of differences [6]. 


RESULTS 
Survival, Eating and Drinking 


Unilaterally injured rats ate and drank spontaneously on 
the third or fourth days after the electrolytic lesion, and after 
seven days recovered their preoperative weight. Two 
animals out of 25 died on the postoperative day. The effects 
of bilateral electrolytic lesions were markedly severer: only 
24 rats out of the original 47 animals survived. Spontaneous 
drinking of tap water recovered earlier than spontaneous eat- 
ing. All surviving rats showed spontaneous drinking seven 
days after bilateral lesions. Eating was present in all rats 16 
days after surgery. Comparison of the two regression lines 
showed a significant difference, F(1,17)=16.256, p<0.01. 


Histology 


Histological analysis performed on all surviving rats re- 
vealed that each animal had stereotaxic lesions correctly 
situated in the globus pallidus; in some animals an 
encroachment of the lesion into the internal capsule and into 
the entopeduncular nucleus was found. Representative 
examples of unilateral and bilateral lesions are illustrated in 
Fig. 1. 


EEG Arousal Pa 


Figure 2 shows an example of EEG arousal in both 
hemicortices rats elicited by mechanical stimuli applied, 
under urethane anesthesia, to the left or right side of body of 
a control rat. The duration of the EEG desynchronization 


was the same for both stimuli and no asymmetry appeared in 
the two hemicortieces. Figure 3 shows the arousal reaction 
in a rat with unilateral right lesion. The duration of the EEG 
desynchronization was shorter when the stimulus was 
applied to the left body-side contralateral to the lesion. Fur- 
thermore, this animal did not display any asymmetry be- 
tween the two hemicortices. The value of the asymmetry 
index was 0.513+0.013 in the control rats, 0.386+0.054 in 
rats with unilateral right pallidal lesion and 0.375+0.028 in 
rats with unilateral left lesion. The differences between the 
two groups with lesion and controls were significant, 
t(18)=2.244, p<0.025, and 1(16)=4.45, p<0.001, respectively 
for rats with right and left lesions; no difference was present 
between the two groups with lesion. 


Exploratory Activity 


The integrals of horizontal, vertical and total activity dur- 
ing the whole exposure to the modified Lat’s maze, for 10 
animals in each group tested, are reported in Table 1. The 
values of horizontal, vertical and total activity for each 60 
sec block for the three groups of rats are shown in Fig. 4. A 
closer analysis of the habituation curves showed that the 
exposure to the novel environment was characterized by an 
activation process that reached the maximum during the first 
minute, followed by a prolonged second phase: deactivation 
in control animals [13]. The habituation curves of rats with 
unilateral or bilateral lesion shows an incremental phase 
which reached the maximum by min 2 and 3 respectively and 
was then followed by a decremental phase. Analysis of vari- 
ance for trends of the total, horizontal and vertical activity 
curves for the three groups of rats showed no significant 
effect of the treatment, a_ significant block effect, 
F(9,243)=8.459, 9.145 and 3.434, p<0.01, respectively for 
total horizontal and vertical activity. Significant treatments 
x blocks interaction was also present, F(9,243)=3.475, 
3.402, p<0.01 and 2.077, p<0.05, respectively for total hori- 
zontal and vertical activity. One-way ANOVA performed on 
the data of the first and second minute showed significant 
differences between the control group and both groups of 
injured rats, F(2,27)=30.42, 30.81 and 7.02, p<0.01, during 
the first minute, and F(2,27)=9.7, p<0.01, 5.47, p<0.05 and 
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FIG. 3. EEG arousal elicited in both hemicortices of a unilaterally lesioned rat from symmetrical point 
in the intact (upper two recordings) and neglected side (lower two recordings). Arrows indicate the 


duration of the noxious stimulus. 


TABLE | 


INTEGRALS OF HORIZONTAL (HA), VERTICAL (VA), AND TOTAL 
ACTIVITY (HA + VA) DURING THE 10 MIN EXPOSURE 
TO THE MODIFIED LAT’S BOX 





Groups HA+VA 





Control 
(N=10) 

Unilat. 
(N=10) 

Bilat. 
(N=10) 


103.4 + 4.76 


96.6 + 6.97 


98.7 + 6.28 





14.997, p<0.01, respectively for total horizontal and vertical 
activity. 


Neophobia and Conditioned Taste Aversion 


The mean volume of water inbibed by rats of the three 
groups during the first two days of adaptation, the amount of 
saccharin taken in during the third day, the differences be- 
tween the volumes ingested on the second and third day and 
the percentage of saccharin ingested over total fluid intake 
on day 4 are presented in Table 2. One-way ANOVA for the 
amount of water drunk by the three groups of animals during 
the first two days showed no differences. Significant differ- 
ences were present for the volumes of saccharin ingested on 
the third day, F(2,42)=3.88, p<0.05. Scheffé’s S-test for 
multiple comparisons yielded a significant difference be- 
tween the control group and rats with bilateral lesions 
(t=2.76) (t,=2.54, p=0.05) but not between the control group 
and animals with unilateral lesion. The differences between 
the amount of liquid ingested on days 2 and 3, used as a 
measure of neophobia, was significantly different, 
F(2,42)=8.16, p<0.01; S-test yielded significant differences 
between controls and rats with unilateral or bilateral lesions 
of (GP) (t=2.549 and t=3.991) respectively (¢,=2.537, 
p=0.05). Statistical analysis showed no differences among 
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FIG. 4. Curves of behavioral arousal in 10 rats with bilateral lesions 
(———A—— —), in 10 rats with unilateral lesion of globus pal- 
lidus (— —O— —) and in 10 control rats (——-O——-). Lower panel 
total activity, middle panel horizontal activity, upper panel vertical 
activity. 
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TABLE 2 


MEAN WATER INTAKE (ml) ON DAY 1 AND 2 AND SACCHARIN INTAKE (ml) ON DAY 3, TOGETHER 
WITH DIFFERENCES BETWEEN CONSUMPTION ON DAY 2 AND DAY 3, AND PREFERENCE RATIOS 
ON DAY 4 IN THE THREE GROUPS OF RATS 





Groups 2 


3 





Control 7.03 + 0.74 
(N=15) 

Unilat. 
(N=15) 

Bilat. 
(N=15) 


10.65 + 0.79 
7.55 + 0.50 10.32 + 0.74 


7.90 + 0.86 10.47 + 0.89 


10.01 + 0.89 31 + 0.55 


11.51 + 1.10 


8.03 + 0.60 


17.33 + 


—1.12 + 0.61 11.51 + 
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FIG. 5. Mean intake of saccharin (+SEM) in the three groups of rats 
(15 for each group) on day 4 (choice) and 5, 6, 7 (forced extinction) 
after the beginning of the experiment, symbols as in Fig. 4. 


the three groups for the percentage of saccharin ingested on 
day 4. 

The volumes of sweet solution intake by the three groups 
of rats during the extinction period are shown in Fig. 5. The 
rate of extinction was faster in both groups with lesions than 
in the control group. ANOVA for trends showed a significant 
effect of trials, F(3,136)=235.7, p<0.001, of treatments, 
F(2,42)=5.844, p<0.05, and significant trials <x treatments 
interaction, F(3,136)=2.323, p<0.05. 


DISCUSSION 


The high rate of mortality observed in the rats with bilat- 
eral pallidal lesions coincides precisely with the data of 
Lenard ef al. [13], who found the same percentage of sur- 
vivors in male rats treated in the same way. Mortality prob- 
ably depends upon the combined damage of the (GP) and 
entopeduncular nucleus, since encroachment of the lesion 
into the entopeduncular nucleus was found in some animals. 
Unlike the lateral hypothalamic rats [31], animals with bilat- 
eral pallidal lesions, when offered standard laboratory food, 


began to drink spontaneously, earlier than they began to eat. 
This result was quite different from the data obtained by 
Lenard et al. [14] after inducing electrolytic lesion of the 
globus pallidus and by Marshall er al. [18] after 6-OHDA 
injection into the same nucleus, but was in agreement with 
the results of Lenard [14] after pallidal injection of the same 
neurotoxin. The earlier appearance of drinking recovery 
might probably be due to the large holes of the drinking 
tubes, which facilitate ‘‘relearning to drink.”’ 

The results of the exposure to a novel environment 
showed that during the first and second minute the integral of 
activity of both groups of rats with lesions is lower than that 
of the control group. This is in accord with the results ob- 
tained by Marshall et al. [18] in rats with pallidal lesions, 
tested for two minutes in an open field; these rats had a 
decreased activity but, with the extension of exposure to a 
novel environment, the differences between lesioned and 
control animals disappeared. These results indicate that both 
groups of lesioned rats have normal locomotor activity, but 
altered dynamics of behavioral arousal with a prolonged de- 
activation phase. 

Alteration of arousal is also confirmed by the EEG find- 
ings in rats with unilateral lesion of right and left (GP), which 
showed a shorter duration of desynchronization after noxi- 
ous stimulation of the flank controlateral to the (GP) lesion, 
but not when applied ipsilaterally to the (GP) lesion, inde- 
pendently of the side of the lesion. 

The impairment of the EEG desynchronization is consis- 
tent with the results of Siegfried and Bures [27,28], who 
found a decrease in the EEG arousal after noxious stimula- 
tion, applied on the left side, in rats unilaterally injected in 
the right substantia nigra with 6-OHDA. 

The results obtained during the first two days of con- 
ditioned taste aversion training showed that both groups of 
injured rats could normally respond to thirst challenge after 
24 hr of water deprivation. 

This result differs from the data of Stricker [31] in rats 
recovered after bilateral hypothalamic lesion, and it differs 
from the data of Marshall et a/. who found deficits in re- 
sponse to regulatory challenges in rats with bilateral elec- 
trolytic lesions of the (GP) [18]. 

The disappearance of neophobia, observed to a different 
extent in rats with bilateral or unilateral right pallidal lesions, 
during the first saccharin presentation, could be due to a 
decreased sensitivity of these rats to gustatory stimuli. As 
reported by Levine et al. [16], rats with symmetrical lesions 
in the (GP) displayed reduced reactivity to saccharin at all 
tested concentrations, and the threshold for rejection of 
quinine solution was higher than in control animals [16]. The 
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decreased sensitivity could also explain the faster rate of 
extinction found in the injured animals. It is more difficult to 
explain on the basis of changes in reactivity to gustatory 
stimuli the results obtained during CTA acquisition, since 
unlike the experiment by Roth et a/. [24] in rats with bilateral 
hypothalamic lesions, our rats with lesions could associate 
the sweet taste of saccharin with the malaise induced by 
LiCl. The dissociation between CTA acquisition and 
neophobia which is generally correlated as reported by 
Nachman [22] could be explained by the neglect observed in 
animals with the (GP) lesions. Indeed, neglect is neither due 
to primary sensory nor motor deficit, but to an arousal fail- 
ure. Rats with pallidal lesions do not show neophobic rejec- 
tion of novel saccharin solution, which is a peculiar form of 
arousal [21], because of their sensory inattention as con- 
firmed by EEG desynchronization asymmetry in rats with 
unilateral lesions of the left or right (GP), and by the altered 
rate of behavioral arousal in animals with right unilateral or 
bilateral pallidal lesions. Gustatory stimuli are, however, de- 
tected and stored in a memory file. The stress induced by 
LiCl poisoning [30] retrieves the gustatory trace and associ- 
ates it with the malaise. The differences between normal and 
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injured rats reappear during the relatively nonstressful CTA 
extinction. 

Indeed, as reported by Marshall et al. [20], rats cataleptic 
after electrolytic hypothalamic lesion or intraventricular in- 
jection of 6-OHDA showed disappearance of sensorimotor 
disturbances and responded appropriately to environmental 
stimuli, when placed in highly activating situations. Simi- 
larly, akinetic parkinsonian patients can behave almost nor- 
mally when confronted with emergencies [26]. There is also 
evidence that conditioning can compensate the neglect: Sieg- 
fried and Bure’ reported that weak EEG arousal elicited in 
rats with unilateral 6-OHDA lesion of substantia nigra by 
tactile stimuli, applied to the contralateral side of the body 
could be enhanced by classical conditioning, i.e., when the 
stimuli applied to the neglected side were paired with tail 
shock and acquired signal significance [28]. 
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BERNARDI, M., S. GENEDANI AND A. BERTOLINI. Behavioral activity and active avoidance learning and retention 
in rats neonatally exposed to painful stimuli. PHYSIOL BEHAV 36(3) 553-555, 1986.—Twice daily for the first 15 days 
after birth, rats from the same litters were either placed for 5 sec on a hot plate (55°C) (treated group), or on a plate 
maintained at body temperature (38°C) (manipulated group). Controls were left undisturbed. When 90 days old, they were 
studied for pain threshold, open-field behavior, and two-way active avoidance learning and retention. Weight gain, pain 
threshold, open-field behavior, and active avoidance retention were not significantly different in the three groups. On the 
other hand, the rate of two-way active avoidance learning was significantly greater in treated rats. These results suggest 
that repeated neonatal exposure to painful stimuli, in rats raised under otherwise normal conditions, improves later active 
avoidance performance. The most likely mechanisms are discussed. 


Pain Neonates Active avoidance learning 


Open field behavior 


Pain threshold 





DATA on the influence of noxious and/or stressful manipu- 
lation in early life on later behavior are conflicting. Rats 
which had been subjected to a variety of neonatal stimuli 
have been reported to possess enhanced learning capabilities 
[6-8]. On the other hand, others [10, 15, 18] failed to confirm 
such findings, and it has been suggested that behavioral and 
physiological changes observed following neonatal stimula- 
tion are inconsequential and may even, in certain instances, 
be maladaptive [4]. 

These conflicting data and interpretations, and the impor- 
tance of the problem, led us to study the outcomes of re- 
peated exposure to painful stimuli in early life on open field 
behavior and on the learning and retention of a two-way 
active avoidance conditioning, in rats. 


METHOD 
Subjects 


Pregnant rats of a Wistar strain (Morini, S. Polo d’Enza, 
Reggio nell’ Emilia), maintained under standard conditions in 
single cages in the colony rooms at our Institute, were 
allowed to litter normally and nurture their offspring. On 
postnatal day 1, all the litters were sexed and weighed, and 
litters of more than ten were reduced to ten, an equal number 
of each sex being left where possible. 


Treatment 


Four offspring per litter (two males and two females) were 
selected at random (in their respective litters); one pair (one 
male and one female) were placed for 5 sec on a copper plate 
maintained at 55°C (treated=T); the other pair were placed 
for 5 sec on a copper plate maintained at 38°C (manipu- 
lated=M); the remaining offspring of each litter were left in 
their cage (controls=C). Treatment or manipulation were 


carried out twice daily from postnatal days 1 to 15, and rats 
were weighed at the end of the treatment. 


Hormonal Assay 


Fifteen minutes after the last treatment, on day 15th after 
birth, the offspring of 16 litters were sacrificed by rapid de- 
capitation at 10:00-11:00, and blood was collected in 
heparinized tubes. Blood samples obtained from 3-5 rats ex- 
posed to the same treatment were pooled together, cen- 
trifuged at 2000 rpm for 20 min, at 4°C, and the plasma was 
then removed and stored at —20°C until assayed for cortico- 
sterone by the method described by Murphy [12]. Eight 
pools per group (T, M and C) were obtained and assayed. 


Behavioral Testing 


At weaning (postnatal day 28) rats of the remaining litters 
were weighed and assigned to their respective group (T, M or 
C), males and females being caged separately. 

When 90 days old, 13 males and 13 females were ran- 
domly selected from each group, observed for their behav- 
ioral activity, and then trained and studied for active 
avoidance learning and retention. Behavioral activity was 
assessed in an open field arena (100 100 cm), with a white 
floor divided into 25 equal squares by black lines. Animals 
were individually tested between 10-12 a.m. by an operator 
unaware of the treatment history: the animal was placed in 
one corner of the arena and ambulation (number of lines 
crossed), rearing behavior, and number of fecal pellets dur- 
ing the 3 min session were recorded. 

Two-way active avoidance learning was studied by means 
of shuttle-boxes divided into two equal communicating com- 
partments (Basile, Comerio, Italy). 

The conditioned stimuli were the sound of a buzzer and 
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TABLE 1 


WEIGHT GAIN OF RATS EXPOSED TO PAINFUL STIMULI (55°C FOR 5 SEC TWICE DAILY), OR SIMPLY 
MANIPULATED, DURING THE FIRST 15 DAYS OF EXTRAUTERINE LIFE 





Mean body weight (+S.E.) 
on the following postnatal days: 


Treatment* 1 15 28 90 





Controls (55) 
Manipulation (48) 
Painful 

stimuli (68) 


6.67 + 0.17 
6.97 + 0.05 
7.12 + 0.32 


26.84 + 1.82 
ale & 1.72 
25.26 + 2.33 


64.13 + 5.82 
55.46 + 4.46 
62.57 + 5.79 


302.92 + 10.16 
304.08 + 9.88 
298.12 + 11.56 





*Number of animals in parentheses. 


TABLE 2 


BEHAVIOR OF RATS EXPOSED TO PAINFUL STIMULI (55°C FOR 5 SEC TWICE DAILY) 
OR SIMPLY MANIPULATED, DURING THE FIRST 15 DAYS OF EXTRAUTERINE LIFE, 
IN THE OPEN FIELD TEST 





Ambulation 
(sector crossings) 
(Mean + S.E.) 


Treatment* 


Defecation 
(fecal pellets) 
(Mean + S.E.) 


Rearing 
(Mean + S.E.) 





Controls (26) 
Manipulation (26) 
Painful stimuli (26) 


62.25 + 4.28 
60.35 + 4.38 
67.82 + 4.23 


18.00 + 1.81 
17.15 + 1.67 
18.70 + 1.72 


4.32 + 1.21 
3.60 + 0.91 
3.82 + 0.98 





Observation period: 3 min. 
*Number of animals in parentheses. 


the turning on of a 10 W light: if the rat did not cross the 
passage between the compartments within 5 sec, the uncon- 
ditioned stimulus (an electric shock of 25 V, 1.8 mA) was 
delivered through the grid floor of the box. Ten consecutive 
trials at 40 sec intervals were performed daily (from 8 to 12 
a.m.) on 20 consecutive days, and the learning criterion was 
satisfied when eight or more avoidances per session oc- 
curred in three consecutive sessions. Rats satisfying the 
above criterion were studied for rate of extinction. The 
schedule of extinction trials was the same as that used during 
acquisition, except that only the conditioned stimuli were 
given: if rats had not crossed the barrier within 5 sec, the 
conditioned stimuli were terminated. The extinction period 
started immediately after learning and lasted 10 days. Before 
starting the avoidance learning training, the pain threshold of 
all rats was evaluated by means of the hot plate test (tem- 
perature of plate=55°C). 


Data Analysis 


For the statistical evaluation of the avoidance learning 
and retention data, the daily percentage of conditioned (or 
still conditioned) animals were subjected to an arc-sine trans- 
formation and then processed by ANOVA, followed by a 
multiple comparison test (least significant difference test). 

Weight, open-field activity data, and plasma corticoste- 
rone data were analyzed using ANOVA. 


RESULTS 
Weight Gain and Mortality 


Neither the infliction of brief painful stimuli nor simple 


manipulation twice daily during the first 15 days of postnatal 
life significantly affected the weight gain or mortality of rats 
raised under otherwise normal social conditions (Table 1). 


Open-Field Behavior 


Ambulation, rearing and number of fecal pellets did not 
significantly differ in the pain-treated or in the manipulated 
rats compared with controls (Table 2). 


Active Avoidance Learning and Retention 


Since there was no significant variation in the sex-linked 
difference in the learning rate between the three groups of 
animals in this study, male and female data were pooled 
together. 

As shown in Fig. 1, the rate of learning was significantly 
greater in the rats neonatally exposed to painful stimuli, 
while manipulation alone had no effect. 

In order to exclude the possibility that the rate of active 
avoidance learning might be affected by a difference in pain 
sensitivity, all rats were tested for pain threshold (hot plate, 
55°C) before starting the learning session: data were not sig- 
nificantly different in any of the three groups (C=6.58+0.30; 
M=5.53+0.28; T=6.28+0.25 seconds). 

The rate of extinction was similar in the three groups. 


Plasma Corticosterone Level 


The level of plasma corticosterone, 15 minutes after the 
last treatment, on day 15th after birth, was not significantly 
different in the 3 groups (control rats: 3.41+0.42 ug/100 ml; 
manipulated rats: 2.94+0.32 yg/100 ml; treated rats: 
3.39+0.48 yg/100 ml). 





BEHAVIORAL EFFECTS OF NEONATAL PAIN 
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FIG. 1. Effect of neonatal exposure to painful stimuli on the rate of 
active avoidance conditioning, in rats. Rats had been placed for 5 
sec, twice daily on postnatal days 1 to 15, on a copper plate at 55°C 
(A) (treatment) or at 38°C (A) (manipulation without pain); a third 
group of rats had never been manipulated (@). Logistical curves 
according to Pearl [2]. Males and females were pooled together in 
groups of 26. *p<0.01 compared with both control and manipulated 
rats (ANOVA and least significant difference test). 


DISCUSSION 


From the data obtained in this study, it appears that for 
rats raised under normal social conditions, in their respective 
litter, and fostered by their own mothers, repeated manipu- 
lation, as well as repeated manipulation associated with pain- 
ful stimuli during the first 15 days after birth, does not affect 
either body growth or open-field behavior in adulthood. On 
the other hand, repeated manipulation associated with expo- 
sure to painful stimuli improves the rate of learning of a 
two-way active avoidance task. 

The present findings are in agreement with previous re- 


ports by Levine et al. [6-8] indicating that rats subjected to a 


variety of neonatal stimuli have enhanced 
capabilities. 

Our results cannot be ascribed to increased pain sensitiv- 
ity in the rats neonatally exposed to painful stimuli, as in our 
conditions the pain threshold was similar in the three groups 


of rats (pain treated, manipulated only, controls). 
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A possible role of altered maternal behavior, caused by 
the twice daily removal of some offspring from the litter, 
cannot be excluded. However, in our study, there were no 
significant differences in weight gain in controls, manipu- 
lated only, and pain-treated rats either during lactation or at 
weaning; and there was no difference in the rate of active 
avoidance learning between manipulated and control rats. 

Besides the well-known studies in adults [5], it has been 
shown that injection of ACTH or a-MSH on the 3rd—Sth 
postnatal day increases later avoidance learning ability 
[1,16]. However, our data, indicating that plasma corticoste- 
rone levels were similar in the 3 groups of rats, seem to rule 
out the possibility that the positive effect of neonatal expo- 
sure to pain on subsequent active avoidance performance, is 
due to the stress-linked activation of the hypothalamus- 
pituitary-adrenal axis. 

It cannot be excluded, however, that the repeated expo- 
sure to painful stimuli during the first 15 days of extrauterine 
life, may have influenced synthesis and release of ACTH- 
MSH peptides in discrete brain regions: ACTH-MSH pep- 
tides and endorphins are produced in CNS in different ra- 
tions, by cleavage of the common precursor, pro- 
opiomelanocortin [13]. 

Another possible explanation of our data is that the re- 
peated painful stimulation during the neonatal period may 
have a positive effect on brain development and organiza- 
tion. It is known that environmental stimulation early in life 
produces changes in brain norepinephrine content [3,11] and 
cholinesterase content [17], as well as cortical dendritic 
growth [14], and it has been described [9] that the behavioral 
effects of early malnutrition are completely eliminated by 
supplying additional stimulation early in life (picking up and 
handling 3 minutes every day during the nursing period). 
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HOFER, M. A. Nutrient control of cardiac rate in the infant rat: Alpha-adrenergic mechanisms. PHYSIOL BEHAV 36(3) 
557-565, 1986.—Changes in level of nutrient intake have been shown to exert a major influence on beta-adrenergic cardiac 
activity in 2 week old suckling rats. A series of experiments demonstrates that the alpha-adrenergic vasoconstrictor system 
is functional by 2 weeks postnatal age, and that alpha-adrenergic blockade with phenoxybenzomine (PBZ) does not affect 
the high heart rates of well-fed pups but prevents development of the bradycardia after cessation of suckling and fully 
reverses the low heart rates of nutrient-deprived pups in a dose-dependent manner. This last effect is dependent upon beta- 
adrenergic reflex cardiac pathways. After PBZ, milk feeding no longer produces cardiac acceleration in nutrient-deprived 
pups. Systolic and mean arterial pressure during PBZ administration and estimates of plasma volume change during 
nutrient deprivation are consistent with the inference that changes in peripheral resistance, mediated by the alpha- 


adrenergic vasoconstrictor system, accompany nutrient regulation of cardiac rate in the suckling rat. 


Adrenergic systems 
Development 


Nutrient deprivation 
Infant rat 


Cardiac rate 


Cardiovascular Blood pressure 





FINDINGS from several different laboratories have called 
attention to different aspects of an unexpected relationship 
between nutrient intake, gastrointestinal signals and the 
regulation of central and cardiac adrenergic function. Al- 
though cardiac rates of adult rats are not significantly 
changed by nutrient deprivation [2], norepinephrine (NE) 
turnover in adult hearts has been found to be significantly 
reduced by two days of starvation and to be increased again 
within a few hours of refeeding [19]. These effects were pre- 
vented by ganglionic blockade, suggesting that alterations in 
sympathetic activity were centrally mediated. Perfusion of 
intestinal loops with nutrient altered neural activity recorded 
from mesenteric nerves [12], an afferent signal that could be 
followed centrally as far as the caudate nucleus [13]. Another 
study has shown that duodenal nutrient infusion evoked im- 
mediate efflux of NE from noradrenergic sites in hypotha- 
lamic regions of adult rats [9]. 

In previous studies from this laboratory on nursing infant 
rats, removal from the mother produced a 30% decrease in 
cardiac rate over the next 18-24 hours [3]. Behavioral inter- 
action with the mother was not found to be the critical vari- 
able, since heart rate could be maintained by milk formula 
infusion over as long as 24 hours in the absence of the mother 
[5], and since cardiac rate fell despite behavioral interaction 
with a non-lactating foster mother [7]. The deprivation in- 
duced cardiac deceleration was rapidly reversed in a dose- 
dependent manner by intragastric nutrient [4], but not by 
intravenous nutrient infusion or by gastric distention with 
non-nutrient solutions [8]. The cardiac accelerating effect of 





nutrient in deprived pups was blocked pharmacologically by 
propranolol and surgically by spinal cord section at T, but 
not T,, suggesting a centrally mediated alteration in sympa- 
thetic cardioaccelerator nerve activity. We have recently 
found that systemic blood pressure is unchanged following 
these major alterations in cardiac rate [14], a finding which 
suggested that reflexive changes in vasoconstrictor activity 
in resistance vessels balance changes in cardiac output, 
presumed to accompany the major changes in cardiac rate, 
sO as to maintain levels of arterial pressure constant. 

The following experiments were carried out in order to 
investigate the role of altered peripheral resistance, and the 
alpha-adrenergic vasoconstrictor system in particular, dur- 
ing the cardiac rate changes characteristic of nutrient depri- 
vation and refeeding in the infant rat. 


GENERAL METHOD 


Animals 


Wistar strain rat pups (Carworth Labs and Marland 
Farms) were born and maintained in our temperature and 
humidity-controlled laboratory, on a reversed 12:12 hr cycle 
of day and night, in litters of 8-10 pups and housed in 6 gal 
terraria. 


Physiological Measures 


Two factors constrain the types of physiological measures 
that could be used in this investigation: the small size of the 


'The data for this paper were collected while the author was with the Departments of Psychiatry and Neuroscience, Albert Einstein College 


of Medicine at Montefiore Medical Center. 
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pups and the fact that general anesthesia eliminates the 
nutrient-elicited changes in cardiac rate. Pups of 2 weeks’ 
age, weighing only 30 g, and 6-7 cm in length, nose to rump, 
are the largest infants that show the nutrient deprivation 
bradycardia [7]. The need to use methods suitable for un- 
anesthetized animals further limits the range of physiological 
procedures, in particular, the use of direct measurement of 
blood flow and/or cardiac output. We have, therefore, de- 
vised a series of studies with the major dependent variables 
being cardiac rate, and both direct and indirect measures of 
blood pressure. Cardiac output is, of course, influenced by 
cardiac ejection volume as well as rate of contraction. How- 
ever, when changes in rate are large, alterations in cardiac 
output are roughly proportional to changes in cardiac rate, 
unless some additional variation in inotropic influence is 
suspected. Thus, we have used measures of cardiac rate to 
make inferences regarding changes in cardiac output, rec- 
ognizing the limitations of so doing. Peripheral resistance has 
been manipulated by the use of alpha-adrenergic agonists 
and antagonists and the direct vasodilator, hydralazine. 
Change in plasma volume has been estimated by hematocrit 
after splenectomy. Inferences have been made from these 
experiments as to changes in blood flow and total peripheral 
resistance. 


Drug Injection 


The interperitoneal (IP) route was used for all injections 
except when the intravenous (IV) route was indicated for 
particular reasons. Volumes were standardized at 0.10—0.20 
ml with dilutions being made up with isotonic (5%) solutions 
of dextrose and water (D/W). For intravenous infusions, a 
total of 0.03 ml of solution was infused over 30 sec. Norepi- 
nephrine (NE) was infused IV to test for responsiveness of 
the alpha-adrenergic system to endogenous agonist as indi- 
cated by reflex bradycardia [1], and phenoxybenzamine 
(PBZ) was used to induce a specific alpha-adrenergic block- 
ade [17], in doses previously found to be effective in infant 
rats [1]. Half life of PBZ in adult animals is 24 hr [17] but in 
these infants injections were repeated at 4 hr intervals in one 
long-term experiment because pilot studies had shown a di- 
munition of effect after 5-6 hr. Isoproterenol (ISO) and pro- 
pranolol (PRO) were used to test for the effects of beta- 
adrenergic agonist stimulation and for blockade of beta- 
adrenergic receptors [15], respectively, in doses previously 
shown to be effective in infant rats this age [4,7]. 
Hydralazine (HYD) was utilized as a means of reducing pe- 
ripheral resistance by a mechanism other than alpha- 
adrenergic blockade since this drug has a direct action on 
arteriolar smooth muscle [15] and was used in dosages 
known to be effective in infant rats this age [11]. Finally, 
methylatropine nitrate was used in one experiment, in a dos- 
age previously shown to be effective in young rats [8], to 
block the action of endogenous acetylcholine on cardiac au- 
tonomic effectors released as a consequence of reflex parasym- 
pathetic activity via vagal pathways. This derivative of atropine 
was used because it has minimal effects on central cholinergic 
systems due to its poor penetration into brain [18]. 


Electrode Implantation and Recording 


Two days before all studies, at 10-12 days of age, pups 
were implanted with 30 ga silver wire chronic electrodes 
placed subcutaneously under light ether anesthesia [7]. The 
subcutaneous loops traversed the front right and left rear 
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thorax and the twisted wire ends exited along the spine in the 
direction of the fur. The pups were replaced with their 
mothers and gained weight normally over the next two days. 
On the day of testing, lightweight leads were attached by 
microspring clips to the ends of the subcutaneous leads. Since 
the pups had adapted to the presence of the electrodes and to 
light tension exerted on them during their nursing and bur- 
rowing in the litter pile over the previous 48 hr, leads could 
be attached and recordings made without waking sleeping 
pups. One to two minute recordings were made in the home 
cage nest from unanesthetized, unrestrained infants, resting 
or sleeping with their littermates in their typical huddle, with 
the mother temporarily absent. All rates reported are for the 
inactive state [7]. 


Polygraph Record Analysis 


Polygraph records were obtained (Grass Model 7) using 3 
channels: EKG (including EMG of dorsal muscles), car- 
diotachometer and impedance pneumograph. This enabled 
us to identify periods during which the pup was active or 
engaging in marked respiratory irregularity and to exclude 
these periods so that inactive or resting cardiac rate could be 
determined on all animals [7]. The cardiotachometer tracing 
was sampled every 10 sec during inactive periods, for 1 min. 
The rate for that individual for that observation period was 
the median of these samples. 


Cannula Implantation and B. P. Recording 


In Experiments 1 and 4, intravenous drug infusions were 
used; chronic polyethylene jugular cannulas (PE 10) were 
implanted 2 days before the experiment by methods de- 
scribed and used in previous work [8]. The heparin-filled, 
sealed cannulas emerged from the skin on the dorsal surface 
and lay smoothly within the fur of the pup’s back. The in- 
fants were returned to their mothers and gained weight nor- 
mally prior to testing. In most cases, mothers of 10-12 day 
old pups did not chew off these cannulas. 

Blood pressure was recorded by two methods: systolic 
blood pressure by indirect tail cuff plethysmography con- 
trolled by an automated electrosphygmomanometer (Narco 
Biosystems), and mean arterial pressure (MAP) directly 
from arterial cannulae. These methods, as developed in our 
lab for infant rats of 2 weeks’ age (weighing only 25-30 
grams) have been fully described and compared to each 
other in a previous publication [14]. Other than properly 
scaled miniaturation of the restraint chamber and pneumatic 
cuff, the critical feature of our indirect method is the use of a 
microphotoelectric cell and transillumination of the tail 
which allowed us to detect the arterial pulse distal to the 
cuff, without the necessity of warming the pups above nor- 
mal nest temperature. In other experiments, the common 
carotid artery was cannulated under ether anesthesia using a 
silastic-tipped PE 50 cannula of our own design that passed 
subcutaneously to emerge above the right scapula. The can- 
nula was filled with 10% heparin (100 USP units/ml) and 
sealed until pressure recordings were required 6-24 hr after 
recovery from surgery. Measures of MAP were approx- 
imated by taking the midpoint of the pulse tracing. Because 
of the damping effect of the narrow gauge tubing on systolic 
peaks, diastolic pressures were also measured and analyzed. 

Data analysis was first approached by an analysis of vari- 
ance (ANOVA) for repeated measures in most cases. Indi- 
vidual comparisons were then made, where appropriate, by 
the Neuman Keuls procedure for post hoc comparisons or by 
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FIG. 1. Mean changes in cardiac rate at 30 min after alpha- 
adrenergic blockade with phenoxybenzamine given IP in a series of 
graded doses from 0.5 to 20 mg/kg. Two groups are compared: those 
deprived of nutrient for 18 hr (hatched bars; N=30) and their well 
fed littermates (N=29). Significant differences between groups at 
each dosage are as indicated: +=<0.05 and x=<0.01 by 1-test. 
Standard errors of the means are represented by lines at the termi- 
nation of each bar. 


independent or dependent f-tests, as appropriate, for 
planned comparisons. 


RESULTS 


ALPHA-ADRENERGIC FUNCTION AND BLOCKADE IN FED AND 
DEPRIVED PUPS 


Published work on the development of autonomic car- 
diovascular control in rats established that the resting heart 
rates of infant rats are at a high plateau at two weeks of age, 
maintained by sympathetic tone with vagal restraint virtually 
absent [7,8]. Evidence for central control of sympathetic 
tone has been found by 1 week of age in rats [11] and for 
baroreceptor-mediated changes in cardiac function between 
10 and 14 day postnatal age [1]. 

In order to test specifically whether 2 weeks old rats’ 
alpha-adrenergic systems respond to the endogenous agonist 
norepinephrine (NE) in both the nutrient-deprived and well-fed 
states, and to confirm that this response could be blocked by 
the alpha-adrenergic antagonist phenoxybenzamine (PBZ), 
we implanted chronic electrodes and jugular cannulas in 14 
pups from 6 litters 2 days before testing, as described in 
General Method section. On the day of testing, all pups were 
given an intraperitoneal (IP) injection either of phenoxyben- 
zamine (15 mg/kg) or 5% dextrose and water (D/W), a length 
of polyethylene tubing was attached to their jugular cannulas 
and they were replaced with their littermates. After 45 min, 
cardiac rate recordings were begun and 1 min later, pups 
were given a 30 sec infusion of 1:100 dilution of norepineph- 
rine (12/ug/kg) intravenously. Heart rates were followed dur- 
ing the infusion and for 1 min thereafter. This procedure was 
followed for one group of pups whose mother had just been 
removed from the cage a few minutes previously and were 
thus well-fed, as well as for another set of pups whose 
mother had been removed from the cage the previous eve- 
ning and were thus 18 hr deprived. 

Reflex cardiac slowing in response to peripheral vas- 
oconstriction induced by NE infusion occurred consistently 
in both fed (mean decrease of 96+4.9 bpm, p<0.01) and 
nutrient-deprived pups (mean decrease of 157+16 bpm, 
p<0.01). This bradycardia was completely blocked by pre- 
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FIG. 2. Effects of beta-adrenergic stimulation by injection of iso- 
proterenol (20 mg/kg IP) in well fed pups pretreated with 
phenoxybenzamine (10 mg/kg), represented by filled circles and 
solid lines (N=12). Control injections of 5% D/W IP were given to 
littermates similarly treated with phenoxybenzamine (open circles, 
dotted lines, N=11). Differences at 15 min and 45 min are significant 


at p<0.01, as suggested by lines indicating standard errors of the 
means. 





treatment with PBZ, cardiac rates showing, instead, a tend- 
ency to accelerate (mean increase of 38+17 bpm and of 
18+ 10 bpm ns) due to the unopposed beta-adrenergic agonist 
properties of NE. 

The inferred mechanism for the immediate bradycardia in 
response to NE infusion is a baroreceptor-mediated increase 
in vagal tone. In adults, if cholinergic receptors are blocked, 
NE produces a modest tachycardia, again due to unmasking 
of its beta-adrenergic agonist effect. We gave 6 infants (4 
mothered and 2 separated) 5 mg/kg of methylatropine IP 
prior to IV NE infusion. Instead of responding with 
bradycardia, their mean heart rates rose (mean increase of 
48+15 bpm, p<0.025) in response to NE, thus confirming 
the vagal reflex nature of the acute cardiac rate changes we 
had observed. 

These preliminary studies demonstrated that cardiac re- 
flex responses to alpha-adrenergic stimulation and blockade 
were substantially developed by 2 weeks of age, and were 
responsive in nutrient-deprived as well as in fed infants. 

The next step was an initial test of our hypothesis that 
alpha-adrenergic vasoconstrictor activity increases during 
nutrient deprivation, compensating for a decline in cardiac 
output and maintaining blood pressure at normal levels. PBZ 
has properties that make it useful for such a test. It has no 
direct effect on the myocardium and little or no effect on 
blood pressure, if alpha-adrenergic tone is very low or absent 
[17]. However, if alpha-adrenergic tone is elevated, PBZ 
elicits a reflex tachycardia, via baroreceptor feedback re- 
sponse to the reduction in blood pressure produced by 
blockade of the adrenergic vasoconstrictor pathways. 

According to our hypothesis, we would predict that car- 
diac rate response should be greater in nutrient-deprived 
pups than in well-fed ones at a given dose of PBZ. A series of 
7 litters were prepared with chronic electrodes as described 
above, and each litter was divided at 12-14 days of age, with 4 
infants from each litter being separated from the mother on 
home cage shavings with a thermoregulated heat source and 
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FIG. 3. Mean resting cardiac rates during 18 hr deprivation followed 
by alpha-adrenergic blockade with phenoxybenzamine (10 mg/kg) in 
pups pretreated with propranolol (2 mg/kg) to block the beta- 
adrenergic cardiac reflex pathway (P+ PBZ, filled circles, solid line, 
N=12). Propranolol or control injection of 5% D/W were given at A 
and phenoxybenzamine or control injection at B. The 2 comparison 
groups are labelled on the graph, those which received phenoxyben- 
zamine with propranolol (PBZ, N=12) and others receiving pro- 
pranolol without phenoxybenzamine (P, N=13). The stippled area 
gives the approximate range of the cardiac rate response to 
intragastric milk from previous experiments (see text). The fall in 
cardiac rate over 18 hr deprivation was significant in each of the 3 
groups (p<0.01) but in response to drugs, the only significant effect 
was the increase observed in the PBZ group (p<0.01). 


the remaining 4 infants returned to their mothers. Eighteen 
hours later, the separated infants had lost 12.5% of body 


weight and reduced their cardiac rates 34.8% (p<0.01), while 
those returned to the mother in reduced numbers had gained 
5.2% of body weight and 16.8% in cardiac rate (p<0.01). 
Resting heart rates were recorded on all pups. Each animal 
was then given either one of a series of doses of PBZ (0.5 
mg/kg to 20 mg/kg) or an equal volume of sterile D/W IP, and 
recordings made at 30 and 60 min thereafter. 

Figure | shows a clear-cut dose-response relationship be- 
tween alpha-adrenergic blockade by PBZ and amount of 
cardiac rate increase at 30 min in nutrient-deprived pups, but 
no such increase in their well-fed littermates. ANOVA 
showed main effects for condition (fed vs. deprived), dose of 
PBZ, and time (preinjection to 30 and 60 min postinjection) 
and interaction effects between condition and time as well as 
dose and time, all at p<0.01. Results of individual compari- 
sons are shown in Fig. 1. 

PBZ produced a dose-related cardiac acceleration in nu- 
tritionally deprived infants that was absent in the well-fed 
group. In order to determine if this difference was due to 
cardiac response ‘ceiling’ in the latter group, a series of 3 
litters were prepared as before, the mother removed, and 
while they were in a well-fed state, were given PBZ (10 
mg/kg) IP and 30 min later either isoproterenol (ISO) (2 
mg/kg) or 5% D/W subcutaneously, their cardiac rates were 
measured at 15 and 45 min after injection (see Fig. 2). 

Beta-adrenergic stimulation with ISO produced a brisk 
cardiac acceleration in PBZ-treated, fed pups of a magnitude 
comparable to that seen after PBZ in deprived pups. 
ANOVA showed main effects of drug (ISO vs. D/W) and 
time and an interaction effect of drug x time, all at p<0.01. 

Thus, it is unlikely that the difference we had found be- 
tween fed and deprived pups in response to PBZ was due to 


TABLE | 


CARDIAC RATES DURING INITIATION OF DEPRIVATION IN 
PHENOXYBENZAMINE-TREATED AND CONTROL INFANTS 





Deprivation 
8 hr 





D/W 358 + 30* 
PBZ 25 490 + 32 





*Differences from fed baseline value for D/W controls and differ- 
ences from PBZ 4 hr and 8 hr values significant at p<0.01 by 
Newman-Keuls test. 


the fed pups’ hearts being incapable of further acceleration. 
Instead, we may either infer that well fed pups have rela- 
tively little alpha-adrenergic vasoconstrictor tone for the 
blocking drug to act upon, and thus a smaller hypotensive 
response to PBZ or that baroreceptor reflex cardiac gain is 
lower in the fed state. The cardiac acceleration in deprived 
pups after PBZ, on the other hand, is consistent with the 
presence of a significant degree of alpha-adrenergic vas- 
oconstrictor tone prior to alpha blockade, and a compensa- 
tory reflex cardiac acceleration in response to blockade, 
tending to maintain blood pressure in the face of an acute 
decrease in peripheral resistance. 


THE REFLEX MECHANISM OF CARDIAC RATE CHANGE AFTER 
ALPHA-ADRENERGIC BLOCKADE 


In order to establish that the cardiac rate increase follow- 
ing alpha-adrenergic blockade in deprived pups was indeed 
due to a beta-adrenergic reflex response and not to some 
unanticipated direct action of PBZ on the myocardium of 
these young animals, we asked whether it could be pre- 
vented by propranolol (PRO), a beta-adrenergic antagonist. 

A series of 3 litters were implanted and deprived, as in 
previous experiments, and some infants were given a dose of 
PRO (2 mg/kg), that by itself has no effect on cardiac rate; 
others were given 5% D/W. All infants were then given PBZ 
(10 mg/kg). 

All groups showed the expected marked decrease in car- 
diac rate during the 18 hr deprivation (see Fig. 3). Those 
subsequently given a beta-blocking drug (PRO) failed to 
show cardiac acceleration produced by PBZ in deprived 
pups. ANOVA showed a significant main effect of drug 
(PRO vs. D/W) and of time (pre vs. post PBZ) and a signifi- 
cant drug xX time interaction, all at the p<0.01 level. An 
additional group, given PRO but not PBZ, are shown also in 
Fig. 3, indicating that this dose of PRO in itself produces no 
significant trend in cardiac rates over the period of this ex- 
periment. The time course of the cardiac response to PBZ is 
similar to that shown in previous experiments in response to 
intragastric milk infusion, as illustrated by the stippled area 
in Fig. 3. PBZ, without PRO blockade, entirely reversed the 
effects of 18 hr of nutrient deprivation, returning cardiac 
rates to the level the pups had shown the day before when in 
a well-fed state. 

These results strongly suggest that the tachycardia seen 
after PBZ in deprived pups is mediated over beta-adrenergic 
pathways and strengthen the hypothesis that it is reflex in 
nature. Although PRO has some non-specific membrane 
stabilizing and central effects, the consistent and complete 
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FIG. 4. Mean changes in cardiac rates at 30 min after injection of 
hydralazine given IP at either 8 or 16 mg/kg to pups deprived of 
nutrient for 18 hr (hatched bars, N=14) or well fed (open bars, 
N=15). A third group was given propranolol prior to hydralazine 
(double hatched bars, N=8). Change scores were computed by 
comparison with littermates given D/W. Significant differences be- 
tween groups: *=p<0.01. Standard error bars are included as in pre- 
vious graphs. 


nature of its blocking action in this experiment is most con- 
sistent with its major site of action at the peripheral beta 
receptor. 


PREVENTION OF DEPRIVATION-ELICITED CARDIAC 
DECELERATION BY PHENOXYBENZAMINE 


If the low heart rates of nutrient-deprived pups are inte- 


grally related to increased levels of alpha-adrenergic vas- 
oconstrictor tone, then giving PBZ to pups prior to depriva- 
tion should prevent the initiation of bradycardia. And since 
the previous studies all employed the IP route for PBZ injec- 
tion, we wanted to confirm that similar effects could be ob- 
tained by IV injection. 

We prepared 3 litters as in the previous studies, and im- 
planted chronic jugular cannulas (see General Method sec- 
tion). Pups were then returned to their mothers for 2 days. 
On the day of the experiment, at 8:30 a.m., the mother was 
removed, resting heart rates were taken 5—10 min later, and 
PBZ (10 mg/kg) was given to half the pups and a similar 
volume of D/W to the others. Pups were left without the 
mother and heart rates were taken again 4 hr later, followed 
by another dose of PBZ or D/W. Final heart rates were taken 
8 hr after the initial well-fed baseline measures. For results, 
see Table 1. 

ANOVA showed main effects of both drug, condition and 
time (p<0.05) and powerful drug x time interaction 
(p<0.01). Individual comparisons showed that D/W treated 
controls had significant declines in heart rate at both 4 hr and 
8 hr after removal of the mother from the cage, whereas 
PBZ-treated pups had no significant change at either time. 

These results show that alpha-adrenergic blockade can 
prevent the initiation of bradycardia, as well as reversing it 
once established, and confirmed the intravenous route as 
equally effective for PBZ administration. 


EFFECT OF HYDRALAZINE ON CARDIAC RATES OF FED AND 
DEPRIVED PUPS 


If PBZ alters cardiac rate in deprived pups reflexively, by 
reducing total peripheral resistance, then other agents that 
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reduce peripheral resistance by other mechanisms than 
alpha-blockade should have similar effects on cardiac rate. 

A series of 5 litters were implanted and 2 days later di- 
vided, as in the 2nd experiment, with half of each litter being 
returned to their mothers and the other half being deprived 
for 18 hr. Pups were then given either hydralazine (HYD) 8 
to 16 mg/kg or an equal volume of 5% D/W IP and heart rates 
recorded again 30 min later. Hydralazine dilates resistance 
vessels by a direct action on arteriolar smooth muscle [15]. 
In pilot work, the characteristic heart rate change regularly 
reached a plateau between 20 min and 60 min after HYD 
injection, unlike the triphasic response found by Bartolome 
et al. [1] in anesthetized, recently fed pups of a similar age. 
In a second series of infants, HYD (8 mg/kg) was given after 
an injection of PRO (2 mg/kg) to observe whether the cardiac 
rate response to HYD was mediated over beta-adrenergic 
reflex pathways, as expected. 

Figure 4 shows a dose-related increase in the cardiac rates 
of deprived infants in response to HYD, and no such effect in 
mothered infants, results very similar to those after PBZ. 
ANOVA showed significant main effects of condition (fed 
vs. deprived), and drug (HYD vs. D/W) as well as significant 
interaction effects, all at p<0.01. Individual comparisons 
showed that HYD elicited significant increases of 27-41% in 
cardiac rates of deprived pups (p<0.01), an effect that was 
entirely blocked following pretreatment with PRO. 
Mothered pups treated with HYD were not significantly dif- 
ferent from those given control (D/W) injections. 

Since both PBZ and HYD have in common the effect of 
reducing elevated levels of total peripheral resistance, but do 
so by different mechanisms, the results are consistent with 
the proposition that levels of peripheral resistance may be 
increased in nutrient-deprived infants and that cardiac rates 
are decreased reflexively. The mothered littermates, given 
high levels of milk intake due to reduction in littermate 
number, like those given PBZ above, showed no cardiac 
response to HYD. This difference between deprived and fed 
pups could be due to differences in level of peripheral vas- 
oconstriction as postulated, but could also be the result of 
differences in the hypotensive effects of HYD (e.g., due to 
altered blood volume) or to differences in baroreceptor gain 
in the two conditions. 


CHANGES IN BLOOD VOLUME DURING NUTRIENT DEPRIVATION 


In order to draw firm inferences from the data thus far, we 
need to know whether there are changes in blood volume 
during nutrient deprivation and, if so, in which direction. 
One would expect to find a decrease in plasma volume due to 
dehydration; yet the direction of cardiac rate change would 
suggest an expansion. 

A series of litters were implanted with leads for obtaining 
cardiac rates, and 2 days later, after baseline HR had been 
recorded, samples were taken, on '/2 the litter, from arterial 
blood immediately following decapitation for micro- 
hematocrit determination. The remainder of the litter were 
housed overnight without their mothers, cardiac rates were 
again taken, the pups sacrificed, and their hematocrits taken. 
The data on 42 pups from 5 litters showed a mean decrease in 
cardiac rate of 112+4 beats/min (—29.0%, p<0.01) and a 
mean increase in hematocrit of 3.74+0.1 units (p<0.01, 
corresponding to a decrease in blood volume of 9.3%). 
Body weight decreased 1.6+0.1 g (5.9%, p<0.02). 

These results suggested dehydration rather than volume 
expansion. But use of the hemotocrit to infer blood volume 





TABLE 2 


SYSTOLIC BLOOD PRESSURE AND HEART RATE DURING DEPRIVATION, FEEDING 
AND ALPHA-ADRENERGIC BLOCKADE WITH PHENOXYBENZAMINE 





Day 1 


SBP 
mm Hg 


Day 2 


HR SBP 
bpm mm Hg 


Post Injection 


HR SBP 
bpm mm Hg 





Deprived, 
(PBZ) 


Deprived, 
(D/W) 


Fed, 
(PBZ) 


Fed, 


(D/W) +18 


303* 51 
+14 +7 


290* 52 
+31 +6 
454 

+33 


382 
+12 


4217 52 
+14 


306 
+24 
467 
+16 


389 
+34 





Values are means + SE. HR, heart rate; SBP, systolic blood pressure; bpm, beats/ 


min; mm Hg, millimeters of mercury. 


Deprived pups were separated from mother between Day | and Day 2. 
Fed pups were their littermates left with their mothers between Day 1 and Day 2. 
PBZ and D/W refer to injection given after Day 2 recordings. Forty-five min later, post 


injection recordings were made. 
*Differs from Day 1, deprived, p<0.001. 
*Differs from Day 2, deprived, p<0.002. 


changes presumes an unchanging volume of red blood cells. 
The stress of separation might have resulted in a sympa- 
thetically-mediated acute contraction of the splenic capsule, 
thus injecting more red blood cells into the circulation. To 
test for this possibility, a series of infants from 5 litters were 
splenectomized at the time of cardiac lead implantation, and 
2 days later were compared, in their responses to 24 hr nutri- 
ent deprivation, with littermates which had been sham 
operated and with others that were unoperated. In a second 
experiment, splenectomies and control operations were done 
acutely at the start of the 24 hr nutrient deprivation on 5 
additional litters. In both experiments splenectomized in- 
fants continued to show consistent increases in hematocrit, 
indicative of decreases in plasma volume. By ANOVA, there 
were significant effects of deprivation on HR and weight as 
well as in hematocrit in both experiments (all at p<0.01) and 
no significant differences were found between splenec- 
tomized, sham operated and unoperated pups on any of 
these measures. Thus, the increase in hematocrit with depri- 
vation cannot be due to efflux of red blood cells from storage 
in the spleen. 

These results tell us that plasma volume is contracting 
during 24 hr deprivation and that the marked decline in car- 
diac rate is taking place despite this change. Since BP is 
maintained in deprived pups [14], peripheral vasoconstric- 
tion must be sufficient to balance a shrinking blood volume, 
as well as the reduction in cardiac output accompanying the 
marked bradycardia. 


THE EFFECT OF ALPHA-ADRENERGIC BLOCKADE ON THE BLOOD 
PRESSURE OF FED AND DEPRIVED PUPS AND A COMPARISON 
WITH THE EFFECT OF MILK 


If our inferences regarding the reciprocal regulation of 
peripheral resistance and cardiac rate in these studies are 
correct, then blood pressure should not change appreciably 
in deprived pups given PBZ, due to the compensatory in- 


crease in cardiac output. In well-fed pups given PBZ, if 
alpha-adrenergic vasoconstrictor activity is already at a min- 
imal level, little or no change in BP should occur in this 
condition either. Alternately, if the unresponsiveness of 
cardiac rate in the well-fed group is due instead to an altera- 
tion in baroreceptor gain (e.g., an upper limit of 
baroreceptor-mediated cardiac acceleration having been 
reached), BP should fall after PBZ. 

To test these possibilities, we implanted another series of 
4 litters, as in the previous experiments, and two days later 
recorded tail cuff (systolic) blood pressure, by methods de- 
scribed above, and cardiac rate simultaneously. Pups were 
unanesthetized and behaviorally quiescent during recording 
but were necessarily separated from home cage and litter- 
mates in the restraint tube of the tail cuff apparatus. The 
litters were then divided with half of each litter being re- 
turned to their mothers and the other half being deprived for 
18 hours. Systolic blood pressure and cardiac rates were 
again recorded in the two groups before members of each 
group were given either PBZ (10 mg/kg) or an equal volume 
of 5% D/W IP. A final systolic blood pressure and cardiac 
rate recording were made on each pup 40 minutes after these 
injections. 

As the data in Table 2 show, systolic blood pressure re- 
mained stable under these conditions of BP measurement 
following both the cardiac deceleration of nutrient depriva- 
tion and the reversal of this effect by PBZ, as well as remain- 
ing stable in the well-fed PBZ-treated infants that showed no 
significant changes in cardiac rate. ANOVA for heart rate in 
deprived infants showed main effects of time (p<0.01) (in- 
volving both deprivation and PBZ effects) and of drug (PBZ 
vs. H,O) (p<0.05) as well as a significant group x time in- 
teraction (p<0.01). ANOVA for heart rate in well-fed in- 
fants, in contrast, showed only a small main effect for group 
(p<0.05) with no main effect for time or group x time in- 
teraction. ANOVA for systolic blood pressure in both well- 
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FIG. 5. In the top 2 graphs, mean changes in cardiac rate (beats/min) 
and mean arterial pressure (mmHg) are recorded simultaneously after 
IP injection of phenoxybenzamine, 10 mg/kg (PBZ). On the top left, the 
pups were deprived for 18 hr prior to testing (circles) and on the right 
they were well fed (triangles). On the bottom left, the pups were 
deprived and then given 1.2 ml of milk formula by gastric intubation. 
On the bottom right are the control experiments in which 5% dex- 
trose and water was injected intraperitoneally (DSW) in well fed 
pups (triangles) or in 18 hr deprived pups (circles). The stippled 
areas represent the limits of 1 standard error about the mean re- 
corded during the preinjection baseline periods. Standard error bars 
as in previous graphs; for statistical significance or changes, please 
see text. 





mmHg 








fed and deprived groups showed no significant main or in- 
teraction effects. 

Individual comparisons based on a priori hypotheses 
showed that deprivation produced the expected cardiac rate 
decrease in pups recorded while housed in the tail cuff appa- 
ratus (p<0.001). PBZ then produced a consistent (p<0.001) 
cardiac acceleration in these pups, returning their rates to 
predeprivation levels. Yet these same infants showed no 
significant alteration in systolic blood pressure. 

These results show that systolic blood pressure is main- 
tained virtually constant after the marked cardiac accelera- 
tion produced by alpha-adrenergic blockade in deprived in- 
fants, under the condition of isolation and restraint in the tail 
cuff apparatus. This is an identical finding to our published 
studies on systolic blood pressure during the nutrient- 
induced tachycardia of refeeding in deprived infants [14] and 
further supports the possibility that the two phenomena may 
share a common mechanism. 

In order to assess the dynamics of blood pressure and 
heart rate change during the first few minutes after injection 
of alpha-adrenergic blockade and to observe mean arterial 
pressure (MAP) in pups under conditions more closely ap- 
proximating those in the previous studies, we implanted 
arterial cannulas (see General Method section). A series of 
litters were prepared with electrodes, as in previous studies, 
and were either separated or remained with their mothers in 


TABLE 3 


CARDIAC RATE RESPONSE TO MILK FORMULA AND CONTROL 
SUSPENSION IN DEPRIVED PUPS AFTER ALPHA-ADRENERGIC 
BLOCKADE WITH PHENOXYBENZAMINE 





Post Feeding 
Post PBZ 


30 min 30 min 60 min 





Milk 404 428 
+12 9 +12 


Control 393 435* 
+11 6 +18 





Values are cardiac rate means + SE in beats/min. 

Milk group was given 1.2 ml bovine milk formula and Control 
group, the same volume of diluted Aluminum Hydroxide gel. 

*Differs from Control, Post PBZ, 30 min, p><0.01; (does not differ 
from Milk, Post Feeding, 60 min). 


reduced numbers to create well-fed and deprived conditions. 
In the morning, carotid cannulas were implanted under light 
ether anesthesia and then 4-6 hr after recovery from 
anesthesia, the arterial cannulas and heart rate leads were 
connected to the polygraph and baseline recordings were 
taken for several minutes. PBZ or D/W was then injected IP 
and MAP and heart rate were recorded continuously for 25 
min. For comparison, one group was given 1.2 ml milk 
intragastrically by intubation. For results, see Fig. 5. 

One-way ANOVAs for repeated measures showed that 
milk and PBZ produced highly consistent (p <0.01) increases 
in cardiac rates of deprived pups, as expected. Arterial pres- 
sures showed no significant change throughout the 25 min 
period, although there was a transient dip in MAP at 10 
minutes after both milk and PBZ. Control injections with 
D/W had no consistent effects. The recently mothered pups 
given PBZ showed a small increase in cardiac rate that was 
quite consistent (p<0.01) in the first 10 min, but that had 
returned to baseline within 25 min. This group also showed a 
substantial and consistent drop in MAP at 10 min (p<0.001) 
with a tendency to recover thereafter. In mothered infants, 
D/W injections were without consistent effects on either 
heart rate or MAP. When diastolic, instead of midpoint, 
pressure readings were taken (see General Method section) 
and the data reanalyzed, the levels of statistical significance 
for the above comparisons were unchanged. 

Taken together, these results support the hypothesized 
reciprocal relationship between alpha-adrenergic vas- 
oconstrictor tone and cardiac rate in the regulation of BP in 
the deprived infant rat given either milk or PBZ. Barorecep- 
tor gain in this group appears to be very high (i.e., large 
increases in cardiac rate per small decreases in arterial pres- 
sure). 

The results in the well-fed infants suggest the inference 
that, in this state, the system for baroceptor-mediated car- 
diac acceleration is near its ceiling but that vasodilation is 
not maximal and can be increased, at least acutely, by phar- 
macologic blockade of alpha-adrenergic receptors with PBZ, 
thus producing the initial fall in MAP observed in Fig. 5. 
Systolic BP was found to be unchanged 40 min after PBZ in 
the previous experiment. This difference may be due to the 
difference in sampling time after PBZ, to the different 
methods of BP measurement or to the presence of the com- 
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mon carotid catheter blocking the baroreceptors in the 
carotid sinus unilaterally in the MAP experiments. 


THE INTERACTION OF ALPHA-ADRENERGIC BLOCKADE AND 
NUTRIENT-INDUCED CARDIAC ACCELERATION 


In this last experiment, we ask whether deprived pups 
would show cardiac acceleration in response to nutrient if 
changes in peripheral resistance are prevented by alpha- 
adrenergic blockade. Since PBZ given to deprived pups 
produces a cardiac acceleration that closely mimics the ef- 
fects of milk (see Fig. 3), we were asking whether the two 
effects would be additive. If nutrient produced further car- 
diac acceleration after PBZ blockade, this would strongly 
suggest that the two effects do not share a common mech- 
anism and that additional processes are called into play by 
intragastric nutrient. 

A series of 4 litters were implanted and deprived as be- 
fore, then given PBZ (10 mg/kg). Infants were then picked 
up, and fed intragastrically 1.2 ml of either a condensed milk 
formula or a control suspension of dilute aluminum hy- 
droxide gel. Previous work [4] has shown a clear-cut differ- 
ential cardiac acceleration to the milk formula in deprived 
pups averaging 130 bests/min (see also Fig. 3). 

As Table 3 shows, there was no significant effect of 
intragastric nutrient on the cardiac rates of deprived pups 
pre-treated with PBZ. ANOVA showed a main effect of time 
(feeding), at p<0.01, but no significant group x time interac- 
tion. Individual comparisons showed that the milk-fed group 
showed no significant increase in heart rate. The control 
fluid group did show a small increase (p<0.01), presumably 
due to stomach distention, from the non-absorbable gel sus- 
pension. 

We know that PBZ-treated rat pups’ heart rates are not 
at ceiling (see Fig. 2) and thus were capable of responding 
if intragastric nutrient provided a further stimulus. The 
fact that they did not increase lends support to the hy- 
pothesis that intragastric nutrient increases heart rate by a 
mechanism that depends upon reduction in alpha-adrenergic 
vasoconstrictor tone. 


DISCUSSION 


These experiments provide evidence that changes in pe- 
ripheral resistance, mediated by the alpha-adrenergic vas- 
oconstrictor system, accompany regulation of cardiac rate 
by nutrient in the suckling rat. Drug-induced lowering of 
peripheral resistance mimics the effect of nutrient on the 
heart rates of deprived pups and does not affect heart rates of 
well-fed ones. Since the changes in cardiac rate following 
nutrient deprivation and refeeding do not occur when alpha- 
adrenergic vasoconstriction is blocked by PBZ, the mech- 
anism for cardiac rate regulation appears to depend upon the 
capacity of the infant to alter its peripheral resistance. How- 
ever it is by no means certain that cardiac rate changes are 
simply reflex adjustments to altered blood pressure. Mean 
arterial pressure remained remarkably constant during the 
increases in cardiac rate produced by PBZ and by 
intragastric milk in deprived pups. It is clear that systemic 
blood pressure is being closely maintained at a given level 
through reciprocal control of peripheral vasoconstriction and 
of cardiac rate. Such sensitive regulation is likely to be ac- 
complished by CNS processing of feedback from the arterial 
baroreceptors, a possibility that is explored in another paper 
[6]. Judging from the upper two graphs of Fig. 5, barorecep- 
tor gain appears to be much higher in deprived than in fed 
pups, a possibility that is currently being explored. 


HOFER 


Our results suggest that under conditions of high milk 
intake, the infant maintains a ‘wide open’ circulatory system 
with relatively low alpha-adrenergic vasoconstrictor tone 
and a high cardiac rate and output. This cardiovascular ad- 
justment is consistent with the large digestive loads and the 
widespread metabolic demands of a rapidly growing or- 
ganism. Rat pups at this age consume 25% of their body 
weight in milk each day. With a decline in milk intake, the 
digestive load decreases and a neurally-mediated circulatory 
adaptation takes place. According to our hypothesis, periph- 
eral blood flow is reduced by alpha-adrenergic vasoconstric- 
tor activity, raising total peripheral resistance, while cardiac 
rate and output decrease commensurately, maintaining 
blood pressure within the normal range. 

Adult animals show an increase in mesenteric blood flow 
in response to ingested nutrient, beginning 5—15 min follow- 
ing a meal and rising for 30-90 min before declining again 
[16]. In dogs, this response is not consistently affected by 
alpha-adrenergic blockade but is severely blunted by at- 
ropine. In addition, there are no consistent changes in heart 
rate, although blood pressure is maintained throughout. Ap- 
parently, this is a different mechanism from the one we have 
been studying in infant rats. The changes in mesenteric ar- 
tery resistance are balanced by opposite changes in other 
regional beds and alterations in cardiac output are not called 
into play. Studies on the mechanism of this intestinal 
hyperemia in isolated jejunal loops [10] thus far show that it 
is entirely blocked only by intraluminal dibucaine but not by 
denervation, suggesting that the initiating event may be the 
increased metabolic processes of active absorption. 

In the infant rat, nutrient-induced tachycardia is not pre- 
vented by vagotomy or methyl-atropine administration nor 
attenuated by excision of the celiac ganglion and two pairs of 
adjacent abdominal paravertebral ganglia [8]. Work to date 
with insulin, glucagon, histamine, secretin and pentagastrin 
show no effect on the low heart rates of nutrient-deprived 
infants, but cholecystokinin partially reverses the decelera- 
tion. Since intravenous nutrient is without effect in deprived 
infants [8], increased plasma levels of sugars or amino acids 
do not appear to act centrally to elicit changes in alpha- 
adrenergic activity. Thus, the nature of the link between 
gastrointestinal nutrient and alpha-adrenergic vasodilatation 
remains to be established. 

The reciprocal relationship between alpha- and beta- 
adrenergic activity in these studies may be mediated by the 
arterial baroreceptor system, or may be centrally integrated. 
A series of studies using a microsurgical technique for sino- 
aortic denervation in infant rats has been carried out to eval- 
uate this distinction [6]. It is not yet clear whether the vascu- 
lar bed primarily affected is the splanchnic, or whether arte- 
rial resistance changes are widespread. Arguing for the latter 
are the lack of effect of partial splanchnisectomy [8], the 
equivalent effects of hydralazine and phenoxybenzamine in 
these experiments and tne magnitude of the changes in car- 
diac rate observed. 
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THOMAS, D. K., L. H. STORLIEN, W. P. BELLINGHAM AND K. GILLETTE. Ovarian hormone effects on activity, 
glucoregulation and thyroid hormones in the rat. PHYSIOL BEHAV 36(3) 567-573, 1986.—Ovarian hormonal influences 
on the range of physiological and behavioral variables which combine to affect overall energy balance are poorly de- 
lineated. In the present study 4 groups of virgin, female rats (intact, ovariectomized, ovariectomized with estrogen 
replacement and ovariectomized with estrogen plus progesterone) were allowed access to running wheels and activity; food 
intake and weight gain were measured initially under food restricted, then under ad lib conditions. Serum insulin, glucose, 
thyroxine (T,) and triiodothyronine (T,) were determined on trunk blood samples obtained at the end of the experiment. 
Ovariectomy resulted in an increased rate of weight gain through reduced activity and T, but food intake was unchanged. 
Insulin levels were greatly reduced. Estrogen replacement restored activity to the intact group's level and normalized 
weight gain. Insulin and T, were also raised to control levels but T, was reduced as was serum glucose. Estrogen plus 
progesterone replacement reduced weight gain markedly and increased T,, with normal T,. Despite the lower body weight 
this group was hyperglycemic and hyperinsulinemic suggesting insulin resistance. The results have important implications 
for the glucoregulatory and energy balance perturbations of ovarian hormone fluctuations and focus particularly on 


progesterone. 
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VARIATIONS in ovarian hormones, both over the estrus 
cycle and following ovariectomy, with and without exoge- 
nous replacement, are associated with major perturbations in 
energy balance. Thus body weight [15, 26, 27], food intake 
[15, 26, 27], activity [7, 15, 28], insulin levels [2,23], core 
temperature [7, 14, 19] and metabolic rate [10,18] have been 
reported to change significantly with ovarian hormone fluc- 
tuations. The interrelationships of the various behavioral and 
physiological aspects of energy balance regulation are poorly 
understood and somewhat paradoxical. Proestrus-estrus, 
when first estrogen and then progesterone peak, is associ- 
ated with reduced food intake, elevated metabolic rate and 
body weight decline; all of which are consistent with an 
active regulation to a lower body weight. However, 
proestrus-estrus is also associated with increased insulin 
levels [2,23], which would counter lipolysis/proteolysis, and 
with increased activity [28] which is normally seen in both 
male and female animals suffering nutrient deprivation. 
Some metabolic parameters are then those of animals in en- 
ergy surplus and others of animals in a state of depleted 
energy reserves. 

During diestrus, when both estrogen and progesterone 
levels are low, the opposite is seen. Increased food intake 
[26] and decreased metabolic rate [18] lead to increased body 





weight. Unlike a normal accumulation of weight, these 
changes are accompanied by reduced levels of the major 
anabolic hormone, insulin, [2,23] and also a decrease in ac- 
tivity [28] which normally reflects a current energy surplus. 
Thus, at the hormone extremes of the estrus cycle there is a 
curious anomaly within both behavioral (food intake and ac- 
tivity) and physiological (metabolic rate and insulin levels) 
mechanisms that regulate energy balance. 

The present study was aimed at further exploring the ef- 
fects of ovarian hormones on energy balance by measuring 
food intake, body weight, activity, insulin, glucose and 
thyroid hormones in groups of intact, ovariectomized, 
ovariectomized-estrogen replaced and ovariectomized- 
estrogen and progesterone replaced female rats given access 
to activity wheels. 


METHOD 


Subjects were thirty-two, virgin, female, outbred Wistar 
hooded rats aged 98-105 days at the start of the experiment 
and ranging in weight from 205 to 250 grams. A 12-12 light- 
dark cycle (lights on 0830 hr) was imposed throughout the 
experiment with room temperature maintained at 21-23°C. 

Sixteen custom-built running wheels were used (diameter 
of 35 cm, track width 8.5 cm). The wheels opened via a 


‘Requests for reprints should be addressed to Dr. L. H. Storlien, Garvan Institute of Medical Research, St. Vincent's Hospital, Sydney. 


2010, Australia. 





Phase I 


Intact 
Ovx 
E-rep 
E+P-rep 


Revolutions 








ae rerweww ese eee eae eee Se 





A C 5 10 15 20 
Days 
FIG. 1. Mean 24 hr activity (for Intact, Ovx, E-rep and E+P-rep 
groups (all n=8) during Phase I (food restriction) and Phase II (ad 
lib). A and C on the Phase I abscissa refer, respectively, to the first 
day in the wheel and the day on which the criterion of 5,000 revolu- 
tions per 24 hr period was reached. 


sliding metal door into a standard Wahmann living cage 
(20x 15x 12.5 cm high). The wheels were adjusted by a clutch 
mechanism such that with a 50 g weight attached at 90° to the 
vertical they revolved no more than one quarter of a revolu- 
tion when released. 

The experiment was conducted in two partial replications 
with 16 animals in each. On the first day of the experiment 
animals were isolated in individual laboratory cages. Food 
and water were available at all times. At 1200-1230 hr every 
day animals were smeared by means of a small saline-wetted 
cotton bud inserted into the vagina. The smears were trans- 
ferred to clean slides, allowed to dry, stained with methylene 
blue and examined under a microscope. After ten days, the 
animals were divided into four groups. These were: ovariec- 
tomized with estrogen replacement (E-rep, n=8, 1 yg es- 
tradiol 178 in oil given SC daily); ovariectomized with estro- 
gen and progesterone replacement (E+P-rep, n=8, estrogen 
as above plus | wg progesterone again given SC daily); 
ovariectomized (Ovx, n=8) and sham ovariectomized (In- 
tact, n=8). Animals were assigned to groups equated on the 
basis of their body weight. The dosages of progesterone and 
estrogen were chosen on the basis of observed changes in 
activity and body weight in pilot experiments and represent 
in both cases a daily injection of 4 to 5 wg/kg. 

Bilateral ovariectomies were carried out under Nembutal 
anesthetic (60 mg/kg). Sham ovariectomies were also per- 
formed on intact animals by making an incision in each flank, 
extricating the ovary, removing a small piece of fat and re- 
turning the ovary to position unharmed. Animals were 
allowed at least one week to recover before hormone re- 


THOMAS ET AL. 


placement was begun. Vaginal smears were taken through- 
out. After two days of stabilization under the hormone re- 
placement conditions, all animals were placed in the running 
wheels with access to food for only 1 hr (1200-1300 hr) per 24 
hr period. Water was continuously available. The depriva- 
tion schedule was maintained for each rat until that individ- 
ual reached an arbitrary criterion of 5000 revolutions or more 
in any one 24 hour period after which food was restored ad lib. 

The daily schedule was as follows. At 0830 the revolu- 
tions were recorded for the preceding dark period. At 1200 
the rats were weighed and, if under deprivation conditions, 
were given a measured quantity of food (approximately 20 
grams) for one hour. The food was placed on the floor of the 
cage. During this period access to the running wheel was 
blocked. At the end of the feeding period the food was re- 
moved and placed on the tray beneath the cage. The relevant 
injections were then administered and the vaginal smears 
taken, after which remaining food was weighed along with 
the crumbs of food which had fallen through the mesh. 

Under ad lib food conditions, the food was removed after 
the animals were weighed. Access to the wheel was pre- 
vented while injections were administered and smears were 
taken; after which access was re-allowed. The remaining 
food was then weighed and approximately 50 grams of fresh 
food was given, again on the floor of the living cage. Food 
remained in the cage for 24 hours. At 2030 the revolutions 
were recorded for the preceding light period. 

On the final day of the experiment data were recorded as 
usual at 0830. Food was then removed and the animals 
locked from the wheels until 1230 when they were killed by 
decapitation. The trunk blood was collected on ice, allowed 
to clot and then separated. The serum was stored at —20°C 
for later analysis. 

Serum glucose was determined on a YSI 23A (Yellow 
Springs) glucose analyser. Insulin was determined by a 
radioimmunoassay using a rat insulin standard and human 
'25]-labelled insulin as a tracer. Triiodothyronine (T,) and 
thyroxine (T,) analyses were carried out by radioimmunoas- 
say: the T, assay employed a second antibody separation and 
the T, assay employed a methyl cellulose-charcoal separa- 
tion of antibody-bound and free tracer. 

The experiment was divided into two sections for the 
purpose of analysis. The phases were: I. Deprivation, which 
remained in force until the animal reached a criterion of 
5,000 revolutions in any one 24 hour period and II. Ad lib, 
which continued on from Phase I until the experiment was 
concluded. Since animals reached criterion after varying 
periods in Phase I, the time scale of the experiment was 
adjusted such that individual animals were aligned for depri- 
vation days up to and including criterion and similarly for 
days after criterion. Some animals reached criterion rapidly 
(4 days), hence statistical analysis was carried out on the 
measures for the first day in the wheel, for the three days 
preceding criterion, the criterion day and 22 post-criterion 
days. For measures of food consumption there are only two 
days preceding criterion because of the change in feeding 
regime which occurred on the criterion day. There was no 
Statistical difference between groups in the number of days 
to reach criterion. 

Analysis for the first day’s measures of total activity, ac- 
tivity during the light period (a.m. activity), food intake and 
weight loss was by means of a one-way analysis of variance. 
All of the above measures were recorded during Phase I and 
Phase II and were analysed separately using a trend-of- 
trial-means technique [12]. 
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FIG. 2. Mean light period activity (for Intact, Ovx, E-rep and E+P- 
rep groups (all n=8) during Phase I (food restriction) and Phase II 
(ad lib). A and C on the Phase I abscissa refer, respectively, to the 
first day in the wheel and the day on which the criterion of 5,000 
revolutions per 24 hr period was reached. 


RESULTS 
Phase I: Deprivation 


Total activity. Figure 1 depicts the mean 24 hour activity 
for all groups during Phase I. There was a significant differ- 
ence in activity between groups on Day 1, F(3,28)=6.12, 
p<0.01, and this appears to be due to the fact that intact 
animals ran more than other groups on the first day in the 
wheel with 3 of the 8 intact animals in estrus at this time. 
However, there was no significant difference between 
groups after Day 1 and up to criterion, F(3,28)=0.37, 
p<0.05. As for daytime activity (Fig. 2), there was a signifi- 
cant effect due to activity increase under conditions of dep- 
rivation, F(3,84)= 141.11, p><0.01, but again no difference in 
the rate of activity increase between groups, F(9,84)=0.67, 
p>0.05. 

Food intake. The mean food intake for all groups during 
Phase I is shown in Fig. 3. There was a significant difference 
in food intake between groups on Day 1, F(3,28)=5.32, 
p<0.01. A post hoc comparison using Tukey’s method re- 
vealed that the mean food intake for the intact group was 
significantly lower than the mean intake averaged over all 
other groups, F(4,28)= 14.37, p<0.01. However, this effect 
was only seen on the first day as there was no further differ- 
ence in intake up to criterion, F(3,28)=0.26, p>0.05. There 
was a slight increase in food consumption for all groups over 
time, F(2,56)=4.91, p<0.05, but no significant difference in 
the rate of increase of food intake between groups, 
F(6,56)=0.29, p>0.05. 

Weight loss. Measures of body weight were expressed as 
a percentage of each animal’s body weight on the day prior 
to being placed in activity wheels. The mean percentage loss 
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FIG. 3. Mean food intake (for Intact, Ovx, E-rep and E+P-rep 
groups (all n=8) during Phase I (food restriction) and Phase II (ad 
lib). A and C on the Phase I abscissa refer, respectively, to the first 
day in the wheel and the day on which the criterion of 5,000 revolu- 
tions per 24 hr period was reached. 


during Phase I is depicted in Fig. 4. After 24 hours of depri- 
vation there was no significant decrease in percentage weight 
loss between groups, F(3,28)=2.48, p>0.05. However, there 
was a significant difference in the weight lost between groups 
on the days leading up to criterion, F(3,28)=4.13, p<0.05, 
and weight loss was seen to increase with the degree of dep- 
rivation, F(3,84)=173.13, p<0.01. A set of orthogonal 
planned comparisons revealed that there was a significant 
difference between the E+P-rep animals and all other groups 
in the amount of weight lost, (28)=3.29, p<0.01. No other 
comparisons were significant. 


Phase II: Ad Lib 


Total activity. Mean 24 hour activity for all groups during 
Phase II is represented in Fig. 1. The overall analysis re- 
vealed that there was a significant difference between 
groups, F(3,28)=4.15, p<0.05, and a significant increase in 
activity over days, F(21,588)= 17.30, p<0.01. There was also 
a significant difference in rate of activity increase between 
groups, F(63,588)=2.51, p<0.01. A set of planned ortho- 
gonal comparisons demonstrated that there was a significant 
difference in the activity of the Ovx animals when compared 
with all the other groups, #(28)=3.5, p<0.01. However, no 
other significant differences were found. 

Food intake. Figure 3 depicts the food intake for all 
groups during Phase II. The initial trend-of-trial-means 
analysis revealed no significant differences between groups, 
F(3,28)=2.42, p>0.05, indicating that all animals consumed 
approximately the same amounts during Phase II. 

Weight gain. The mean percentage weight gain for all 
animals during Phase II is represented in Fig. 4. The initial 
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FIG. 4. Mean percentage of initial body weight (for Intact, Ovx, 
E-rep and E+P-rep groups (all n=8) during Phase I (food restriction) 
and Phase II (ad lib). A and C on the Phase I abscissa refer, respec- 
tively, to the first day in the wheel and the day on which the criterion 
of 5,000 revolutions per 24 hr period was reached. 





analysis revealed that there was a significant difference be- 
tween groups, F(3,28)=15.79, p<0.01, and that there was a 
significant increase in weight over days, F(21,588)= 128.04, 
p<0.01. Also, the rate of weight gain was different for the 
different hormonal conditions, F(63,588)=2.92, p<0.01. 
Planned orthogonal comparisons revealed that the mean per- 
centage weight gain for the E+P-rep group was significantly 
different from that of all other groups over all 22 
postdeprivation days, t(28)=6.82, p<0.01. No significant 
differences in weight gain were found between intact animals 
and E-rep animals, #(28)=0.12, p>0.05, or between these 
animals and ovariectomized animals. However, as can be 
seen in Fig. 4, the ovariectomized animals appeared to be 
gaining at a somewhat higher rate and the results of an 
analysis of efficiency of weight gain are next reported. 

Efficiency of weight gain score. Efficiency scores (weight 
gain/food intake) were calculated by averaging over 
postdeprivation days 13-22 for each animal and are repre- 
sented in Fig. 5. A one-way analysis of variance revealed a 
significant difference between groups, F(3,28)=9.47, 
p<0.01. A set of orthogonal planned contrasts revealed that 
the ovariectomized group had the highest efficiency score 
when compared with the average score of those groups with 
hormonal replacement, 1¢(28)=5.33, p<0.01. No other 
planned comparisons were significant. 

Vaginal smears. For individual animals in the intact 
group it was found that peak activity occurred on the night of 
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FIG. 5. Mean efficiency of weight gain scores (weight gain in 
grams/food intake in grams) plus one standard error of the mean, 
averaged over Days 13 to 22 of the ad lib phase for Intact, Ovx, 
E-rep and E+P-rep groups (ali n=8). 


estrus. Activity when declined during periods of diestrus in- 
creasing again at proestrus. Figure 2 clearly depicts the ef- 
fects of the estrus cycle on activity for the intact group; 
however, the 4 day cycle is not visible due to the fact that the 
intact animals were not all in synchrony during their estrus 
cycle. The smear pattern for E-rep and E+P-rep groups was 
that of permanent estrus. However, occasional and transit- 
ory lapses into a pattern most closely resembling that of 
proestrus were observed in all animals in both groups. There 
was no evidence of cyclical activity in either the smear pat- 
terns or in running behaviour. The smear picture for Ovx 
animals was that of anestrus, also, with no evidence of cy- 
clicity. With only a transitory exception in one animal, dep- 
rivation did not affect the smear patterns for any of the 
groups. On the first day in the wheels, vaginal smears from 
all animals exhibited a high proportion of leucocytes with 
respect to all other cell types. This pattern may well be at- 
tributed to stress. 


Blood Analysis 


Five samples were lost through tube breakage and blood 
analysis was finally performed on 6 each from the Intact and 
Ovx groups, 7 from the E+P-group and 8 from the E-rep 
group. Statistical analysis was done by one-way ANOVA 
followed by Tukey between-group comparisons. 

Glucose and insulin. Serum glucose and insulin values for 
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FIG. 6. Mean (plus one standard error) serum glucose (open bars) 
and insulin (stippled bars) concentrations for the Intact (n=6), Ovx 
(n=6), E-rep (n=8) and E+P-rep (n=7) groups. 


the four groups are shown in Fig. 6. Overall the groups dif- 
fered in glucose levels, F(3,23)=26.94, p<0.01. Compared to 
the intact group the Ovx and E-rep groups had lower (p<0.05 
and p<0.01 respectively), and the E+P-rep group higher 
(p<0.01), glucose levels. A similar pattern was evident in 
insulin, F(3,23)=8.58, p<0.01, with the Ovx group lower 
(p<0.01) and the E+P-rep group higher, than intact animals. 
The insulin/glucose ratios were: Intact 3.88+1.03, Ovx 
1.49+0.20; E-rep 3.59+0.65; E+P-rep 5.31+0.64. 

Thyroid hormones. T, and T, values for the four groups 
are shown in Fig. 7. T, differed between groups, 
F(3,28)=3.41, p<0.05, with the E-rep group lower than the 
other three (p<0.05 in each case). T; levels differed, 
F(3,23)=5.27, p<0.01, and, as might be expected, were the 
reciprocal of the efficiency scores (correlation r=—0.51). 
The differences between groups were only marginally signif- 
icant (Intact versus Ovx, p<0.05; Intact versus E+P-rep, 
p=0.08). 


Summary of Results 


During the period of restricted access to food (Phase I) 
the activity of all animals increased progressively with no 
significant difference in rate between groups. All groups lost 
weight, with the estrogen plus progesterone-replaced group 
losing at a greater rate than the other three groups, among 
which there were no differences. Given unrestricted access 
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FIG. 7. Mean (plus one standard error) serum triiodothyronine (T,- 
open bars) and thyroxine (T,-stippled bars) concentration for the 
Intact (n=6), Ovx (n=6), E-rep (n=8) and E+P-rep (n=7) groups. 


to food (Phase II) weight gain was reinstated in all groups 
and all groups ate the same amount but the dual hormone 
replaced group gained weight at a slower rate than the other 
three groups which again did not differ (Figs. 3 and 4). Effi- 
ciency of weight gain (weight gained/food eaten) showed the 
ovariectomized animals to be more efficient than the other 
three groups (Fig. 5). During Phase II the ovariectomized 
group was less active than the other three groups which did 
not differ (Fig. 1). Among the plasma variables and com- 
pared to intact controls, glucose was reduced by ovariec- 
tomy and estrogen replacement but increased by ovariec- 
tomy and estrogen plus progesterone replacement (Fig. 6). 
Insulin was reduced by ovariectomy, normalized by estrogen 
replacement and increased by estrogen plus progesterone 
replacement (Fig. 6). T,; concentration precisely mirrored in- 
sulin being reduced by ovariectomy, normalized by estrogen 
replacement and increased by dual estrogen/progesterone 
administration (Fig. 7). T, was affected only by ovariectomy 
plus estrogen replacement being reduced (Fig. 7). 


DISCUSSION 


We [23] and others [2] have previously demonstrated, in 
rats, a significant difference in insulin levels over the estrus 
cycle. Basal, and glucose-stimulated, insulin secretion is de- 
pressed during diestrus, a period of low estrogen and 
progesterone, but elevated during proestrus/estrus when 
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these hormones are elevated. Glucose levels, however, were 
well regulated and did not vary over the estrus cycle. In the 
present experiment the insulin levels were consistent with 
the above observations, being low following ovariectomy 
and elevated by estrogen plus progesterone replacement. 
The pattern of hyperinsulinemia/insulin resistance following 
progesterone administration has been demonstrated previ- 
ously [1, 11, 24] but, as in the normal estrus cycle, no in- 
crease in blood glucose was observed [1,10]. What is signifi- 
cant in the present results is that despite elevated insulin 
(and insulin/glucose ratio) in the E+P-rep group, glucose 
levels were significantly higher than the intact control group 
and over 2 mmols per liter higher than that observed for the 
estrogen-replaced group. 

Further to the above point, the diabetogenic aspects of 
human pregnancy are thought to be largely a function of 
increases in placental lactogen production [3]. However a 
cellular basis of a direct and significant anti-insulin role for 
progesterone has certainly been established [1, 11, 24, 25]. 
One problem is that it has been difficult previously to sepa- 
rate in vivo the direct effects of progesterone from the usu- 
ally found increases in body weight and food intake. Such a 
separation was achieved in the present study. If elevated 
insulin/glucose ratios are taken as an index of insulin in re- 
sistance then the present results confirm that progesterone 
has a primary diabetogenic action. In fact, given the marked 
reduction in body weight in the E+P-rep group, and the 
usual finding that basal insulin levels fall and insulin sen- 
Sitivity increases with weight loss, the hyperinsulinemia/in- 
sulin resistance with estrogen plus progesterone replacement 
is particularly striking. The results then have implications for 
glucoregulatory stresses in a diversity of conditions in the 
female where ovarian hormone levels fluctuate (pregnancy, 
menstrual cycle, birth control via estrogen/progesterone 
pills, menopause and hormone replacement following 
menopause) and suggest progesterone is of prime importance 
in this regard. 

The reduced T, level of the Ovx group is interesting. 
Hyperphagia and approximately a 20% increase in body 
weight compared to intact controls is usually seen following 
ovariectomy [26,27]. In the present study where ovariec- 
tomy was combined with access to a running wheel food 
intake was suppressed to control levels. However, to 
achieve a higher body weight an animal can either increase 
food intake or reduce expenditure. Under the present cir- 
cumstances it is apparent that the ovariectomized animals 
employed the latter means. The reduced expenditure can be 
seen both from the low activity (Fig. 1) and from the reduced 
T; (Fig. 7) as an indicator of metabolic rate. It would seem 
that the Ovx group are demonstrating the expected drive to 
higher body weight, but by reducing energy expenditure 
rather than increasing intake, and the rate of accumulation of 
excess weight is at a much slower rate than would normally 
be expected (see [26] for example). Why access to the run- 
ning wheel prevented the expected hyperphagia following 
ovariectomy is not clear but the effect may be an important 
one for our understanding of the central determinants of food 
intake regulation. 

It should also be pointed out that the thyroid hormone 
pattern of low T,/normal T, is characteristic of a ‘‘sick, 
euthyroid”’ patient where the depressed T,, is also thought to 
reflect an adaptation to reduce metabolic rate and conserve 
body protein and energy reserves [8,9]. Little is known of the 
mechanism of this adaptation. In this respect it is also signif- 
icant that estrogen replacement reduced T, levels while T, 
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returned to control levels. This may indicate a direct inhibi- 
tory effect of estrogen on thyroid function and under condi- 
tions where the thyroid is suppressed it has been demon- 
strated that a higher percentage of the thyroid hormone out- 
put can be as T; [17]. However, estrogen replacement in 
ovariectomized animals usually results in both physiological 
and behavioral drive to a lower body weight. It is then adap- 
tive for the estrogen-treated animals to maintain a high 
metabolic rate. Thus the observation in the E-rep group of 
normal T,/low T, could reflect a higher rate of deiodination. 
This pattern is the opposite of that seen in the Ovx group. 
Both the Ovx and E-rep treatments of the present paradigm 
may then provide important models for the study of factors 
controlling the rate of peripheral deiodination of T,. 

The effects of estrogen plus progesterone replacement on 
activity and body weight regulation are notable. Contrary to 
previous findings [15,21], progesterone did not inhibit the 
facilitory effect of estrogen on activity. The dosage, how- 
ever, in these studies was 1000 times that used here and of 
the order of magnitude of injections of progesterone used to 
induce ovulation in estrogen-primed rats. Such was not the 
intention here and the dosage of 1 xg/day was about one-tenth 
of that used by Krotkiewski and Bjorntorp [16] to induce 
changes in adipose tissue weight in intact female rats. With 
the level of progesterone replacement in the present experi- 
ment, activity and food intake are not affected but body 
weight is suppressed (Fig. 4) and T, elevated (Fig. 7). This 
latter result is consistent with previously reported 
calorigenic effects of progesterone [14,19]. Thus we have the 
situation where animals are quite severely depleted (to some 
86% of control body weight on the last day of the experi- 
ment) but are making no behavioral (i.e., increasing food 
intake or decreasing activity) or physiological compensation 
to restore body weight to control levels. In fact T;, as an 
index of metabolic rate, is elevated. This body weight sup- 
pressing effect of progesterone has not been reported previ- 
ously. Despite the above-mentioned calorigenic effects of 
progesterone [14,19], either no effect or even a slight in- 
crease in body weight has been found with very large 
amounts of progesterone in sedentary rats [21,26]. It is not 
clear whether the low dose of progesterone or the availability 
of the activity wheel or both conditions are necessary to 
reveal the weight reducing effects of progesterone. In this 
regard it is interesting that recently excessive activity has 
been emphasised in the etiology of anorexia nervosa [5,13]. 
It may be that the present pardigm will provide the basis for a 
suitable animal model for investigating this poorly under- 
stood pathophysiological condition. 

Hormone replacement has a marked effect on the diurnal 
rhythm of wheel running. As is well known, rats run mostly 
in the dark period of the light-dark cycle. This was confirmed 
for the Intact group where only 16.6% of revolutions were 
completed during the light (see Figs. 1 and 2). What is inter- 
esting is that ovariectomy and ovariectomy with estrogen 
replacement increases the percentage of activity in the light 
period to 29 and 32% respectively which are both signifi- 
cantly higher than the Intact group (p<0.05). The further 
addition of progesterone reverses this effect and the E+P- 
rep group run very little in the light even though their total 
24-hour activity does not differ from the intact and estrogen- 
replaced groups. As a percentage of total activity, the 
E+P-rep group run only 7.3% in the light. It may be that giving 
our replacement injections at noon has influenced these re- 
sults; however, we would anticipate a relatively stable level 
of hormone over the 24 hour period with our methodology. 





OVARIAN INFLUENCES ON ENERGY BALANCE 


We are now pursuing this issue using silastic implants con- 
taining estrogen or progesterone. 

Finally, there is ample evidence that ovarian hormones 
act directly on nerve cells, particularly in the medial basal 
hypothalamus, to either directly alter electrical activity or 
modify responsiveness to other stimuli (see [20] for a recent 
review). There is also now a comprehensive body of litera- 
ture which strongly suggests that the ventromedial hypothal- 
amus exerts its powerful effects on energy balance via au- 
tonomic nervous system control of visceral glucoregulatory 
organs [4, 6, 22]. It is likely that the ovarian hormone ma- 
nipulations of the present study resulted in modulation of 


medial basal hypothalamic neuronal activity. That modula- 
tion may be responsible for the observed changes in 
glucoregulation and energy balance via influence on the au- 
tonomic nervous system. 
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BRAKE, S. C.,S. TAVANA AND M. M. MYERS. A method for recording and analyzing intra-oral negative pressure in 
suckling rat pups. PHYSIOL BEHAV 36(3) 575-578, 1986.— A method for recording and analyzing intra-oral negative 
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amplitude. Three separate patterns of sucking are defined on the basis of these measures. 
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THE suckling behavior of rat pups has been studied exten- 
sively during the last few years. This work has described 
how pups locate and attach to nipples and how much milk they 
consume during feeding tests [7], but little attention has been 
given to how the pup actually withdraws milk from the 
nipple. A few years ago, we developed a technique for 
recording sucking and mouthing which we hoped would 
begin to tell us how this is done [1,5]. Fine silver electrodes 
were inserted into the pup’s jaw (digastric) muscle and EMG 
activity was recorded while the pup was attached to the 
dam’s teats. This procedure provided a direct measure of the 
pup’s mouthing and had the advantage of being non-intrusive 
(no measuring device was introduced into the pup’s mouth or 
into the dam’s teat). However, the technique had the disad- 
vantage of being an indirect measure of sucking (which we 
believed was the more important component). In order to 
validate that EMG activity was an accurate predictor of 
sucking, we correlated the occurrence of muscle activity 
with a small sample of negative pressure tracings created by 
the pup as it suckled a nipple cannulated with tubing leading 
to a pressure transducer [9]. EMG did, in fact, correlate with 
two distinct patterns of intra-oral negative pressure 
(rhythmic sucking and arrhythmic sucking) which seem to 
play different roles in the control ingestion [2,3], but it did 
not provide information about the strength or amplitude of 
sucking. In addition, the sample of negative pressure record- 
ings were not easily obtained since the technique altered the 
tactile properties of the teat so that pups were reluctant to 
attach to it. Further, cannulation in this manner ruptures the 
terminal ducts of the mammary gland so that milk-ejection is 
disrupted. Since we believed this measure might be particu- 
larly revealing during milk-ejection when the pup is required 
to forcefully withdraw milk from the teat, we felt we needed 
to develop a way to record negative pressure directly from 


the pup’s mouth. A posterior tongue cannula [6] was used for 
this purpose. The resulting negative pressure waves were 
recorded by polygraph, simultaneously digitized by an on- 
line computer system and stored on disk for later analysis. 


METHODS EMPLOYED TO RECORD EMG AND NEGATIVE 
PRESSURE 


Subjects 


The subjects were 45 Wistar rat pups born of dams or- 
dered from Marland Farms. Dams and litters were main- 
tained on a 12 hour/12 hour light-dark cycle (lights on at 7:00 
a.m.) and had continuous access to food (Purina Lab Chow) 
and water. Thirty pups were 10-12 days of age at the time of 
the experimental procedures, 15 were 2 days old. The older 
pups had been separated from the dam for 24 hours prior to 
recording, the younger ones had been separated for 6 hours. 


Design 


Half of the older pups were equipped with both a tongue 
cannula and EMG electrodes so that we could compare the 
two measures; half were equipped only with a tongue can- 
nula. Sucking was recorded before, during and after a series 
of 3 milk deliveries. 


Surgery 


Four hours prior to the start of the test, pups were lightly 
anesthetized with ether for the installation of the tongue can- 
nula and (for half of the older pups) EMG electrodes. The 
procedure for installation of the electrodes is described in 
more detail elsewhere [5]. Two thin teflon-coated silver 
wires (Medwire, Ag-5T) were twisted together and inserted 
into the left digastric muscle through a small incision along 
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FIG. 1. Simultaneous EMG and intra-oral negative pressure record- 
ings illustrating SRS (Slow Sucking) and RRS (Rapid Sucking). Trac- 
ings were taken preceding, during, and following a milk-ejection. 


the pup’s jaw. The electrodes were held fast with a drop of 
collodian placed along the suture line. The tongue cannula 
was prepared much as described by Hall and Rosenblatt [6]. 
A 30-gauge syringe needle, bent into a hook shape, was in- 
serted through the bottom of the pup’s jaw (at the midline, to 
one side of the EMG electrodes, if any) and run up through 
the tongue and out the pup’s mouth. A length of PE-10 tubing 
(Clay Adams) was attached to the tip of the needle, and the 
needle was then withdrawn back into the mouth and back out 
the entry wound, pulling the tube with it. The tubing was 
lightly coated with vegetable oil to lessen the friction of this 
action and to ensure that the tube would not impede the 
movement of the pup’s tongue. A small flange at the end of 
the tube held it in place on the surface of the tongue at the 
level of the intermolar eminence. The procedures required a 
total of 10 minutes. Pups were fully recovered within 30 
minutes. 


Recordings 


An age-appropriate (post-partum age) dam _ was 
anesthetized with Urethane (2 g/10 ml water; 1 ml/100 g) and 
placed in a small Plexiglas box (30x20 15 cm) with her ven- 
trum fully exposed. Each pup was placed with the dam and 
allowed to suckle for 30 minutes, one at a time. During the 
recording sessions, three milk-ejections were elicited from 
the anesthetized dam by IV administration of oxytocin 
(Pitocin, 0.0015 units). The ejections were elicited 5, 15 and 
25 min into the session. 

Recordings were obtained with the use of a Grass Model 7 
polygraph. EMG recordings were obtained by connecting 
the electrode leads to a wide-band AC preamplifier and 
driver amplifier. The negative pressure recording was ob- 
tained by connecting the free end of the tongue cannula to a 
Statham pressure transducer (model P23Db) which was, in 
turn, connected to a low-level DC preamplifier and driver 
amplifier. For both measures, optimum sensitivity and 
time-constant values on the amplifiers had been determined 
by pilot work and were not changed during these procedures. 
The signals were calibrated so that the maximum range was 
20 microvolts for the EMG signal and 20 mm Hg for the 
negative pressure signal. Paper speed was set at 5 mm/sec. 


TECHNIQUES EMPLOYED FOR ANALYZING THE DATA 


EMG records were scored by two trained raters. Each 
rater independently identified incidents of sucking. An aver- 
age score was then derived which consisted of the total 
amount of time spent sucking in either rhythmic sucking (RS) 
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FIG. 2. Two examples of simultaneously recorded EMG and intra- 
oral negative pressure. In (A) the EMG episode labelled AS occurs 
during RRS, in (B) it occurs during AS. 








or arrhythmic sucking (AS; see below). This score was then 
compared to similar calculations derived from the negative 
pressure analyses. 

Negative pressure recordings were analyzed in three 
ways. First, trained raters evaluated the polygraph tracings 
and calculated the amount of time pups spent sucking in any 
given pattern. These scores were then compared to similar 
scores derived from the EMG measure. 

Second, an estimate of total sucking effort was obtained 
which combined a measure of the amplitude of sucking with 
a measure of the total duration of sucking. This was accom- 
plished by calculating the area under the curves created by 
the pen deflections using an image analyzer (Zeiss MOP). 
We called this measure integrated negative pressure (IRP) 
because the units are expressed in mm squared, not mm of 
Hg. To give the reader an idea of the intra-oral negative 
pressures that correspond to these numbers, the negative 
pressure produced by pups rarely exceeded 10 mm Hg (be- 
low). A pup which sucked at this pressure for 10 seconds, at 
the rate of 1 suck/second, would receive a score of approx- 
imately 2500 sq mm. 

Third, we analyzed the data by computer. We have writ- 
ten and installed several computer programs which allow 
on-line collection of data from the polygraph using a DEC 
PDP-11/23 computer system. The data is digitized and stored 
on disk for later analysis. A separate set of analysis programs 
serve to partition the data collected from each animal into 
bins of time (of arbitrary duration) and then to derive several 
summary parameters for each bin. These include total suck- 
ing time, average amplitude (negative pressure), average du- 
ration of each suck, and total number of sucks. 


EXAMPLES OF ANALYSES 
The EMG Technique 


Raters identified two basic types of sucking patterns from 
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FIG. 3. Intra-oral negative pressure recordings illustrating SRS (A) 
and RRS (B). 


the electromyograph, arrhythmic sucking (AS) and rhythmic 
sucking (RS). As we have described elsewhere [1,5], AS can 
be described as brief bursts of EMG activity (2-5 seconds) 
which occur infrequently (a burst every 10-20 seconds). RS 
consists of a series of regularly alternating decreases and 
increases in EMG activity lasting at least 5 sec and often 
much longer. The correlation coefficient between raters for 
identifying episodes of AS was 0.76; for RS it was 0.92. 
Examples of RS are presented in Fig. 1; examples of AS 
are presented in Fig. 2. 

In previous work, we found that pups separated from 
their dam for long periods of time displayed much more 
RS than AS, particularly if they were receiving milk from 
time to time [4]. We found the same to be true in this sample 
of pups. According to the EMG analyses, pups spent an 
average of 18.95 minutes engaged in RS (63% of the total 
recording time), but only 3.55 minutes engaged in AS (11%). 
It was not apparent, however, which pattern they displayed 
during milk-ejection. That is, we were not able to identify 
milk-ejections on the basis of EMG activity. Often the EMG 
tracing displayed movement artifact associated with the 
postural changes elicited by milk delivery (the *‘stretch”’ re- 
sponse; see Fig. 1), but this also occurred during limb 
movements not associated with milk-ejection. 


The Negative Pressure Technique 


Our first analysis of the intra-oral negative pressure trac- 
ing was conducted by trained raters and focused on the du- 
ration and patterning of sucking without regard to the infor- 
mation provided about the force of the pup’s suck. In this 
respect, the analysis was much like that performed on the 
EMG data. At both ages, raters were able to distinguish at 
least three types of sucking patterns on the basis of the dura- 
tion of each suck and the interval between sucks. One of 
these patterns was AS, similar to that identified by the EMG 
measure. AS sucking consists of 1-2 sucks (negative pres- 
sure peaks) of relatively long duration (1-2 seconds each) 
within a span of 2-5 seconds (see Fig. 2B). To be classified as 
AS, these episodes must be separated from each other by at 
least 3 seconds. The remaining two patterns were both 
rhythmic sucking patterns. The first of these we called slow 
rhythmic sucking (SRS). This pattern appeared to be very 
similar to the RS pattern identified by the EMG measure. It 
consisted of a series of relatively long-duration sucks (each 
suck lasting at least 1 second) with no more than 2 seconds 
elapsing between each suck in the series (see Figs. 1 and 3A). 
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FIG. 4. Intra-oral negative pressure recordings illustrating differ- 
ences in the strength or amplitude of sucking. 


Each series lasted a minimum of 5 seconds but could last 
much longer (up to 3-4 minutes); each had to be separated 
from each other by at least 3 seconds in order to be counted 
as a separate series. The second pattern we called rapid 
rhythmic sucking (RRS). RRS consisted of a series of short- 
duration sucks (each suck less than | second in duration) 
with no more than | second elapsing between individual 
sucks (see Figs. | and 3B). These episodes could be as short 
as 3 seconds (see Fig. 2B) but could last as long as 15 sec- 
onds. Pups of both ages engaged in much more SRS (about 
17 minutes) than RRS (about 5 minutes), although SRS in 
older pups tended to consist of sucks of longer duration (2-3 
seconds) than the individual sucks of younger pups. 

In most cases, the correlations between patterns identified 
by the EMG technique and the negative pressure technique 
were quite good (although we did not obtain EMG in the 
younger pups, we know from previous work that their EMG 
patterns are very similar to those of older pups [6]). For 
example, in those pups from which both measures were 
taken simultaneously, the overall correlation coefficient be- 
tween the two measures was 0.82. The correlation coeffi- 
cient between RS (EMG) and SRS+RRS (negative pressure) 
was 0.84. However, the correlation coefficient between the 
two measures for AS was only 0.43. This suggests that the 
EMG measure was falsely identifying some types of sucking 
as AS (relative to the negative pressure measure). More 
specifically, the EMG measure was incapable of distinguish- 
ing AS from RRS. The average amount of time spent by the 
pups in SRS according to the negative pressure measure 
(19.10 minutes) was almost identical to the average amount 
of time spent by the pups in RS as identified by the EMG 
measure (18.95 minutes). However, the amount of time 
identified as AS by the EMG measure (3.55 minutes) was 
over 3 times as great as the amount of time identified as AS 
by the negative pressure measure (1.01 minutes); this differ- 
ence can be accounted for almost perfectly by the amount of 
time the negative pressure measure identified RRS (3.20 
minutes). Thus, the negative pressure measure provides a 
more accurate description of sucking pattern than the EMG 
measure. Figures 2 A and B provide an illustration of this 
distinction. It is not a trivial one; although the amount of 
time pups engage in RRS is small, we found that RRS oc- 
curred reliably during almost every milk-ejection. Thus, 
RRS is probably an extremely important component of suck- 
ing [2]. 

In addition to finer resolution, the negative pressure 
technique also provides information about the force of suck- 
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ing which the EMG technique does not. This is illustrated in 
Fig. 4 A and B. These segments of sucking are of equal 
length and similar patterning (both RRS), but vary greatly in 
their strength or amplitude. Hand-scoring reveals that the 
maximum negative pressure exerted in the ‘‘Strong’’ exam- 
ple is 9.5 mm Hg while in the *‘Weak’’ example it is 6.5 mm 
Hg. A more comprehensive IRP analysis (see above) reveals 
that differences in the average pressures exerted is even 
greater. The IRP for 10 seconds of the ‘‘Strong’’ was 2480, 
for 10 seconds of the ‘*weak’’ example 990. The measure of 
amplitude is particularly revealing during milk-ejection be- 
cause it increases quickly and dramatically (Figs. 1 and 3B). 
In general, younger pups sucked with somewhat less force 
than older pups. 

Each of these measures (total amount of time sucking, 
identification of pattern, amplitude) may be derived from 
computer analyses. Our own analysis programs provide val- 
ues from digitized data which correlate closely with those 
obtained by careful hand-scoring of the polygraph tracings, 
but in a fraction of the time. For example, the value obtained 
from digitized data for the total amount of sucking time (21.20 
minutes) was very similar to that obtained from the tracings 
(20.60 minutes). In addition, the total number of sucks iden- 
tified by computer analysis is extremely accurate (10 sucks 
counted in Fig. 3A by both hand and by computer; 21 by 
both in Fig. 3B; 12 by both in Fig. 4A; 22 by both in Fig. 4B). 
The computer identifies SRS and RRS by segmenting the 
data into bins and then deriving the mean frequency of suck- 
ing (sucks/second) for each bin. A score of 1.0 or greater 
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would indicate RRS according to hand-scoring criteria, a 
score of 0.99 or less would indicate SRS (these values were 
0.90 and 1.77 for Fig. 3 A and B; 1.15 and 2.40 for Fig. 4 A 
and B). Finally, the computer can calculate the average am- 
plitude of the sucks within a bin (9.10 and 7.70 mm Hg for 
Fig. 3 A and B, respectively; 9.20 and 2.30 mm Hg for Fig. 4 
A and B, respectively). 

In summary, recording intra-oral negative pressure via a 
posterior tongue cannula is an extremely accurate technique 
for measuring the infant rat’s sucking responses before, dur- 
ing and after milk-ejection. The technique works for pups of 
all ages (we have also used it in 18-day-old pups). A full 
range of descriptive measures are obtained which combine 
frequency, duration and amplitude of sucking. In addition, 
pattern analysis is easily obtained; in fact, the data lend 
themselves to more sophisticated time-series analyses not 
mentioned here. Finally, we have found that the pup’s 
growth and development in the days following the procedure 
are unaffected by the procedure itself (particularly if the 
cannula is removed between recording sessions). We 
have even found that pups may be implanted with two can- 
nula (the second used to deliver fluid) without disturbing the 
measure or altering the pups subsequent behavior [2,8]. 
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DEVENPORT, L. D. ANDR. L. HALE. Neonatal aldosterone administration alters later response to adrenalectomy and 
aldosterone infusion in the rat. PHYSIOL BEHAV 36(3) 579-581, 1986.—Juvenile and adult infusions of mineralocor- 
ticoids promote weight gains in rats. However, nothing is known about the effects of very early administration. As such 
treatments often bring about enduring changes, we examined the impact of neonatal (days 1-5 of life), followed by early 
adult (days 45-57 of life), administration of aldosterone (ALDO) on the weight gains of free-fed rats. Analysis revealed that 
neonatal ALDO exposure altered the pattern of weight gain during the later period. Specifically, acute neonatal exposure 
increased weight gain in adrenalectomized young adult rats. At the same time, it appeared to reduce the effects of chronic 


ALDO exposure in these animals. 


Neonatal aldosterone Adrenalectomy 





NEONATAL elevations of steroid hormones have been re- 
ported to produce acute as well as enduring modifications of 
target systems. This is the case for gonadal hormones and 
the adrenal glucocorticoids (gCORTs) [1, 6, 7]. Recently, 
aldosterone (ALDO) and deoxycorticosterone (DOC) have 
been found to elevate body weights and food intake in ad- 
renalectomized rats [2, 3, 4]. Until now, mineralocorticoid 
(mCORT)-induced weight gains have not been examined in 
the pre-juvenile period (days 1-44 of life), nor has the influ- 
ence of such early exposure upon later responsiveness to 
mCORTs been explored. If the gCORT and gonadal steroid 
findings are any guide, increased levels of mCORTs might 
exact a permanent modification in their target tissues. 


METHOD 


Eight litters of Sprague-Dawley rats, culled to 8/litter, 
served in the study. Males were weighed, then injected SC 
with either sesame oil (SHAM condition) or aldosterone 
(ALDO, 250 ywg/kg), a dosage which produces reliable weight 
increases in juvenile and adult animals [2, 3, 4]. Females 
were always injected with oil, and were included whenever 
fewer than eight males were born to ensure approximately 
equivalent rearing conditions in each litter. Pups were ear- 
marked for group identity. Weighings and injections were 
repeated at 3 and 5 days of age. 

At 23 days of age pups were weaned, identified by group, 
weighed, and pair-housed in steel hanging cages, ALDO with 
SHAM. A female littermate was housed with any unpaired 


male. When 35 days old, the male rats were weighed, then 
housed singly. 

Animals were bilaterally adrenalectomized at 44 days and 
implanted with either chronic infusion pumps (Alza, Inc.) 
that delivered ALDO via polyethylene glycol vehicle at a 
dose of approximately 250 uwg/kg/24 hr, or with a sham pump 
(see [2] for details). Pump implant condition was determined 
by random assignment within a litter, balanced for neonatal 
hormone condition (SHAM or ALDO). Group identity was 
concealed so that measures could be taken without bias. 
Thus, four hormone conditions were represented in the 
study as defined by the combination of acute day 1, 3, and 5, 
and chronic day 45-57 hormone administration. 

After 24 hr recovery in heated units (see [2] for details), 
animals were again singly housed in hanging steel cages. 
Food, water, and 2% w/v saline were freely available. Body 
weights were recorded for 12 subsequent days. Fresh food 
was provided every other day, and water and saline were 
replenished as necessary. On the final day, the animals were 
sacrificed by ether overdose. Body length (nose-anus) was 
recorded, and epididymal fat pads were removed bilaterally 
and weighed. Data from rats evincing adrenal regeneration 
or pump failure were not analyzed. 

Body weights for each developmental period (days 1-44 
and days 45-57) were converted to weight gains (initial 
weight of a period subtracted from each subsequent weight 
of a period) for analysis. Post hoc analyses were conducted, 
when appropriate, with Duncan’s multiple range test 
(a=0.05). 
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TABLE | 


MEAN (+S.E.M.) BODY WEIGHTS (g) OF THE EXPERIMENTAL GROUPS AT THE TIME OF 
SURGERY (44 DAYS), AT POST-SURGICAL BASELINE (46 DAYS), AND AT AUTOPSY (57 DAYS) 





Age (days) SHAM-ALDO* 


ALDO-ALDO?* 


Group 


ALDO-SHAM?# SHAM-SHAM$§ 





44 
(surgery) 

46 
(baseline) 

57 
(autopsy) 


211.17(+17.09) 
214.72(+ 7.40) 


296.06(+ 7.31) 


211.88(+ 15.85) 


216.06(+ 


290. 19( + 


219.36(+ 8.64) 220.62(+ 12.37) 


4.76) 210.57(+ 4.07) 212.00(+ 4.00) 


7.65) 281.71(+ 10.58) 266.56(+ 5.34) 





All animals were adrenalectomized at surgery. 


*Group SHAM-ALDO (n=9) received chronic infusions of aldosterone across days 45-57. 
*+Group ALDO-ALDO (n=8) had acute neonatal aldosterone exposure on days 1, 3, and 5, and 


chronic aldosterone exposure across days 45-57. 


+Group ALDO-SHAM (n=7) received only acute neonatal aldosterone exposure. 
§Group SHAM-SHAM (n=8) received no exogenous aldosterone in either time period. 
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FIG. 1. Mean body weight gains during the 11 post-baseline days of 
the juvenile period. A-A=neonatal (days 1, 3, and 5) and days 45-57 
exogenous aldosterone exposure, n=8. A-S=neonatal exposure 
only, n=7. S-A=days 45-57 exposure only, n=9. S-S=no exoge- 
nous aldosterone exposure in either time period, n=8. 
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RESULTS AND DISCUSSION 


Presurgical (days 1-44) weight gains were not signifi- 
cantly affected by neonatal ALDO exposure, F(1,14)=0.73, 
p>0.05, nor did ALDO influence the time course of weight 
gain, F(4,56)=0.45, p>0.05. In contrast, postsurgical (days 
45-57) weight gains, illustrated in Fig. 1, were elevated by 
mCORT exposure, whether it occurred neonatally or across 
days 45-57, or both, F(10,280)=4.48, p<0.0001. Body 
weights of each group at surgery, postsurgical baseline, and 
autopsy are presented in Table 1. 

Early treatment alone (the ALDO-SHAM condition) sig- 
nificantly elevated post-pubertal weight gains above control 
(SHAM-SHAM) levels. Further, early aldosterone exposure 
modified the effect of later exposure, i.e., reduced its effec- 
tiveness. Later treatment alone (the SHAM-ALDO condi- 
tion) produced rates of weight gain significantly above those 
induced by early exposure alone (the ALDO-SHAM condi- 
tion). If early injections did not dampen the response to later 
infusion, one would expect combined aldosterone exposures 
(the ALDO-ALDO condition) to produce effects at least 
equal to those of the SHAM-ALDO group—that is, signifi- 
cantly above the ALDO-SHAM gain. This was not the case. 
Instead, we found that the weight gains of ALDO-ALDO 
animals did not significantly surpass those of the ALDO- 
SHAMs. Thus, while neonatal ALDO treatment accelerated 
later gains, it diminished the effectiveness of later ALDO, 
i.e., infusion added nothing to the early injection effect. 

The ALDO-induced weight gains of this study include, 
but are not necessarily limited to, increased fat stores. Body 
length was not affected by neonatal, F(1,28)=1.04, p>0.05, 
days 45-57, F(1,28)=0.74, p>0.05, or combined, 
F(1,28)=1.55, p>0.05, ALDO exposure. Surgery weight was 
also unaffected by neonatal ALDO exposure, F(1,28)=0.00, 
p>0.05, and did not differ among the four groups, 
F(1,28)=0.04, p>0.05. Thus skeletal growth and surgery 
body weight were comparable between groups, and cannot 
account for the differential weights. More direct evidence for 
the role of adipose tissue was provided by correlation and 
regression analyses. These analyses revealed that total 
weight gain (weight gain calculated for the last study day) 
was significantly correlated with epididymal fat pad mass, 
r=0.49, p<0.006, and fat pad mass was the best single pre- 





ALDOSTERONE AND WEIGHT GAIN 


dictor of total weight gain, F(1,30)=8.93, p<0.006, com- 
pared against the factors of surgery weight and nose-to-anus 
skeletal length. Of course, changes in lean body mass, which 
were not measured, may have also contributed to our re- 
sults. 

The results of this experiment demonstrate that neonatal 
ALDO exposure increases postsurgical days 45-57 weight 
gain, yet diminishes the effect of chronic infusions of ALDO 
on weight gain during the same period. Interestingly, the 
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early effects of ALDO were latent until ADX. This suggests 
the possible operation of a compensatory process that held 
the ALDO influence in check until it was released by 
surgery. 
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OZON, C., C. DOLISI, D. CRENESSE AND J. L. ARDISSON. Effects of feeding time upon daily intake and body 
weight. PHYSIOL BEHAV 36(3) 583-586, 1986.—Feeding behaviour in five dogs was studied in three experimental 
situations, called A, B and C. In situation A the dogs had free access to food and water. Results from this experiment were 
used to determine the times of high and low ingestion for each individual dog. In situation B, there was limited access to 
food during the dog’s period of high ingestion, and in situation C there was limited access to food during periods of low 
injestion. Daily food intake was found to diminish as the dogs proceeded from A and B to C, and was especially pronounced 
between A and C. Body weight also diminished significantly between A and C. 


Dog Food intake Feeding time Body weight 





THE study of spontaneous food intake in a number of differ- 
ent animal species shows that spontaneous eating behaviour 
does not proceed according to chance, but follows a nycto- 
hemeral rhythm. For example, rats [2] eat primarily by night, 
and monkeys [5] and dogs [1] during the day. Under such 
natural conditions, the regulation of body weight is assured 
with a high degree of precision. The variation in the quantity 
of hourly ingested food is a behavioural expression of a com- 
parable variation in the intensity of appetite. The presump- 
tion is that the intensity of appetite is the highest during the 
hours of the day where the food intake reaches a maximum. 
Inversely, the intensity of appetite is the lowest during the 
hours of the day where food intake shows a minimum. In the 
dog the amplitude of this endogenous rhythm of appetite is 
very large because the mean food intake which is zero for 
some periods of time can be 70 g per hour at its maximum 
value [1]. 

To test the inertia of this circadian rhythm, five dogs were 
subjected to a programmed feeding. Access to food was lim- 
ited to half an hour in every 24 hours and situated either in 
the period of spontaneous high ingestion or in the period of 
spontaneous low ingestion. 

If large differences in the quantity of ingested food were 
to be found between these two experimental situations this 
would indicate that the endogenous rhythm of appetite is a 
strong one since it persists even under such a constraint. 


METHOD 


This study was successively performed on five adult 
dogs, three of which were male and two female. During the 
time of the experiment the dogs were housed separately in a 
30 m*? room at an almost constant temperature of 





22°C +2°C and relative humidity of 60%+ 10%. They had arti- 
ficial lighting between the hours of 7.00 and 19.00. Food and 
water intake were continuously recorded according to a 
method already described [1]. The dogs were fed with a dry 
food preparation (UAR 1.21). Each dog was subjected to the 
following situations, called A, B and C. 


Situation A 


Free access to food and water. The results from this ex- 
periment allow us to establish the histogram of 24 hr distri- 
bution of the average hourly quantity of ingested food for a 
given dog (average of 22, 25 or 35 days of observation). For 
each dog, a period of high ingestion and a period of low 
ingestion can be easily determined [1]. In the first period, the 
hour where ingestion reaches a maximum will give the time 
of access to food in situation B. In the second period, the 
hour where ingestion reaches a minimum will give the time of 
access to food in situation C. 


Situation B 


Access to food was limited to half an hour in every 24 
hours, during the period of high ingestion established in 
situation A. 


Situation C 


Access to food was limited to half an hour in every 24 
hours, during the period of low ingestion established in situ- 
ation A. 

The dogs were weighed according to the protocol already 
described [1]. Situations A, B and C were separated by ap- 
proximately twelve months, and between the three situations 


'With the technical collaboration of Roger Governatori and Pierre-Jean Molla. 
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TABLE 1 


MEAN VALUES (+SEM) OF THE QUANTITY OF SOLID FOODS INGESTED OVER 24 HOURS (IN GRAMS) AND BODY 
WEIGHT (IN KILOGRAMS) DURING SITUATIONS A, B AND C FOR EACH DOG 











Food Intake 
Situation A Situation B Situation C 
average average average 
Dog +SEM +SEM +SEM 
No. n n n 
182.92 177.64 122.28% 
1 +10.35 +11.66 + 10.369 
25 22 25 
364.04 273.41¢ 267.67* 
2 +24.11 +20.54 +25.94 
22 22 30 
435.76 326.14* 305.35* 
3 +36.31 +34.73 +42.17 
25 29 20 
373.83 266.114 261.427 
4 +16.99 +23.25 +36.36 
35 27 26 
396.24 379.14 336.30* 
5 +22.18 + 14.36 +11.83§ 
25 22 30 

















Body Weight 
Situation A Situation B Situation C 
average average average 
+SEM +SEM +SEM 
n n n 
14.11 14.99% 13.72° 
+0.06 +0.15 +0.149 
7 8 8 
17.27 15.30% 15.37% 
+0.15 +0.21 +0.20 
& 7 7 
25.48 25.25 24.70* 
+0.14 +0.25 +0.29 
10 8 7 
19.13 18.45¢ 16.42¢ 
+0.13 +0.15 +0.249 
12 10 9 
23.16 22.94 21.58% 
+0.19 +0.14 +0.129 
9 7 10 








The following standard symbols *p<0.05, *p<0.01, $»<0.001 show the results of comparison of the quantity of solid 
foods ingested over 24 hours or the body weight, in the situation A with that of situation B (see column ‘‘situation B’’) 
and in the situation A with that of situation C (see column ‘‘situation C’’). 

The following standard symbols §p<0.05, {7<0.001 show the results of comparison of the quantity of solid foods 
ingested over 24 hours or the body weight in the situation B with that of situation C (see column “‘situation C’’). 


the dogs were returned to their kennels. All situations were 
distributed at random during the year in order to avoid 
possible seasonal influences. 

Before starting situations B or C every dog was placed in 
situation A for 7 days: a prerequisite in verifying the stability 
of alimentary behaviour and body weight. These 7 days are 
not to be taken into account for expressing the results. In all 
cases, dogs’ body weights at the beginning of situation B and 
C were not significantly different. But, at the beginning of 
situation A the averaged body weight was always relatively 
higher. Similar differences were often noted in long-lasting 
experimental periods. They are of unknown origin. How- 
ever, seasonal factors do not seem to be present. From the 
data obtained during these experiments we then calculated 
(1) the daily average of food and water intake of each dog 
(+SEM) and (2) the mean body weight for each dog. 


RESULTS 


(1) Food Intake 


One way analysis of variance shows for every dog a sig- 
nificant difference in the quantity of food ingested (p always 
<0.05). 

Table 1 shows that dogs in situation B reduced their aver- 
age daily intake of food when compared to those in situation 
A. Furthermore, those submitted to situation C showed an 
even greater reduction in daily food intake. This points to an 
overall reduction in daily consumption for all the dogs in 
their progression from situation A to situations B and C. 





The analysis of this variation in food intake (see Table 1) 
reveals a significant change in the daily quantity of food 
consumed between situations A and C in all the dogs. Be- 
tween situations B and C, an equally significant change is 
found in two of the five dogs only. 


(2) Water Intake 


The results of the daily consumption of water are less 
obvious than those of food. It seems that while three of the 
five dogs consumed less water in situation B, two of the 
other dogs needed less in situations A and C. 


(3) Body Weight 


Comparison of body weight for situations A and B gives a 
wide variation in results (see Table 1). Dog No. | gained a 
significant amount of weight, while dogs No. 3 and 5 re- 
mained constant and dogs No. 2 and 4 showed a significant 
loss. On the other hand, there was a definite weight reduc- 
tion in all the dogs in situation C as compared to situation A. 
Finally, the comparison of body weights for situations C and 
B showed a consistent decrease of this variable parameter in 
situation C which was only a significant in three of the five 
dogs. An analysis of the gradual weight loss in situation C 
points to a variability amongst the animals in the time to 
achieve minimum weight (9 to 42 days) and the differences in 
the amount of weight lost (range of 6 to 14%). Once minimum 
weight was achieved there was a tendency for body weight to 
stabilize. This was observed over a period of not more than 
fifty days. 


EFFECTS OF FEEDING TIME UPON FOOD INTAKE 


7 Body weight in kilograms 





17,5 ~r +> 


0 5 30 Days 
FIG. 1. The evolution of mean body weight in all five dogs during 
situations A, B and C. O Situation A (food ad lib); 0 Situation B 
(food only given during periods of high spontaneous ingestion); V 
Situation C (food only given during periods of low spontaneous in- 
gestion.) 





The graphs on Fig. 1 show the evolution of mean body 
weight in the five dogs established over the first 26 days of 
the experiment, in the three situations. It brings out two 
major tendencies: (1) a slight gain in weight of approximately 
2% in situations A and B during the first 26 days and (2) an 
overall loss of weight of approximately 6.5% in situation C 
over the same period. 

Furthermore, there seems to be a parallel evolution of the 
mean body weight in situation A and B, which is in clear 
opposition with that of this parameter in situation C. Yet, 
two-way analysis of variance between body weights at the 
onset (the first four weighings) and at the end of experiment 
(the last four weighings) shows that the significant decrease 
in situation C, F(1,30)=6.084, p<0.05, is opposed to the rel- 
ative stability in situation B and moreover to the continuous 
though slight increase observed in_ situation A, 
F(1,30)= 13.224, p<0.01. 


DISCUSSION 


Several papers [1, 2, 5, 6] have already shown that under 
conditions similar to situation A in the present experiment, 
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feeding behaviour is guided by both homeostatic and non- 
homeostatic rhythmical factors. The former maintain the 
general equilibrium of the organism while the latter are ex- 
ternal synchronizers acting on the animal’s internal cycles. 
Our results suggest that non-homeostatic factors play an im- 
portant role in controlling the dog’s appetite. As an example 
of this, when access to food is limited to half an hour in every 
24, the dog’s daily intake also diminishes. This can partially 
be explained by the animal having only one meal in place of 
its habitual three. Even with this single meal the dogs in 
situation B still retained the same mean body weight during 
the experimental period. On the other hand, when the single 
daily meal was given at a time of low ingestion, the reduction 
in the quantity of food intake became more pronounced, the 
difference with situation B was significant in two of the five 
dogs. In situation C, the body weight decreased significantly 
in three of the five dogs, when compared to that in situation 
B. This underlined in three dogs the importance of the time 
at which the dog was fed. Other studies [4,7] along similar 
lines on rats have also shown a reduction in the animal’s food 
intake, but have differed in their resulting body weights. For 
example, some authors noted a reduction in weight during 
the first week of the experiment followed by an increase in 
later weeks [7], and others recorded a constant body weight 
even after three week’s observation [3]. 

The secondary stabilization of the dog’s mean body 
weight in situation C expresses the establishment of a new 
equilibrium between homeostatic and non-homeostatic 
rhythmic factors in determining food intake. Once this new 
equilibrium is attained, the dog’s weight regulates once 
again, but this time at a lower level to that found in situation 
A-type conditions. This was observed in all the dogs, but 
each showed its own level of readjustment. This newly 
stabilized weight is significantly lower than that in situation 
B in three of the five dogs. These individual differences re- 
flect the importance of non-homeostatic factors in control- 
ling the eating behaviour of each dog. 

Lastly, it was noted in situation C that the time taken to 
achieve the new weight equilibrium differed greatly from dog 
to dog and did not seem linked to the amount of weight lost. 
This variation in time exposes the homeostatic sensitivity of 
each dog. If the animal’s homeostatic mechanism is not very 
strong, weight loss is relatively fast and the new weight equi- 
librium is rapidly attained. In the opposite case, homeostatic 
compensation comes into effect earlier and slows down the 
weight loss. 

In conclusion, these results show that in the dog there are 
strong non-homeostatic rhythmic factors which participate 
in controlling both appetite and food intake. When food is 
given at a time of low ingestion, a significant reduction in the 
animal’s weight and daily food intake is observed. 


ACKNOWLEDGEMENTS 


We are greatly indebted to M. Gastaud, M.D., for valuable help 
in supervising this manuscript. 


REFERENCES 


1. Ardisson, J. L., C. Dolisi, C. Ozon and D. Crenesse. Caractéris- 
tiques des prises d’eau et d’aliments spontanées chez des chiens 
en situation ad lib. Physiol Behav 26: 361-370, 1981. 


2. Le Magnen, J. and S. Tallon. La périodicité spontanée de la prise 
d’aliments ad libitum du rat blanc. J Physiol (Paris) 58: 323-349, 
1966. 





586 DOLISI, OZON, CRENESSE AND ARDISSON 


. Leveille, G. A. and K. Chakrabarty. Diurnal variations in tissue 6. Richter, C. P. Animal behavior and internal drives. Q Rev Biol 2: 
glycogen and liver weight of meal-fed rats. J Nutr 93: 546-554, 307-343, 1927. 
1967. 7. Spiteri, N. J. Circadian patterning of feeding, drinking and activ- 
. Lima, F. B., N. S. Hell, C. Timo-laria, R. Scivoletto, M. S. ity during diurnal food access in the rat. Physiol Behav 28: 139- 
Dolnikoff and A. A. Pujo. Metabolic consequences of food re- 147, 1982. 
striction in rats. Physiol Behav 27: 115-123, 1981. 
. Natelson, B. H. and J. C. Bonbright. Patterns of eating and 
drinking in monkeys when food and water are free and when they 
are earned. Physiol Behav 21: 201-213, 1978. 





Physiology & Behavior, Vol. 36, pp. 587-590. Copyright © Pergamon Press Ltd., 1986. Printed in the U.S.A. 003 1-9384/86 $3.00 + .00 


Effect of Bilateral Transection of 
the Lateral Olfactory Tract on the 
Male-Induced Implantation Failure 

(the Bruce Effect) in Mice 


G. RAJENDREN AND C. J. DOMINIC'! 


Department of Zoology, Banaras Hindu University, Varanasi 221 005, Uttar Pradesh, India 
Received 2 April 1985 


RAJENDREN, G. AND C. J. DOMINIC. Effect of bilateral transection of the lateral olfactory tract on the male-induced 
implantation failure (the Bruce effect) in mice. PHYSIOL BEHAV 36(4) 587-590, 1986.—Bilateral transection of the lateral 
olfactory tract (LOT) at the rostral level induced anosmia in female mice; by contrast, sectioning of the LOT at more caudal 
levels failed to induce anosmia in females. Transection of the LOT at all the levels inhibited the alien male-induced 
implantation failure in newly inseminated mice (the Bruce effect). Sham-operated as well as intact females exhibited a high 
rate of implantation failure following alien male exposure. The results suggest that the inhibition of the Bruce effect in 
LOT-transected females is not due to anosmia induced by the operation procedure, but due to interruption of the primary 
olfactory bulb projections to the posterior parts of the olfactory cortex. Our results rule out the involvement of the nervus 
terminalis in the Bruce effect. The present report lends support to the involvement of the accessory olfactory system in the 


transmission of the pheromonal stimulus involved in the male-induced implantation failure. 


Lateral olfactory tract Bruce effect 


Olfactory bulb 


Pheromones Implantation 





IF a newly inseminated female mouse is removed from the 
stud male and brought to the vicinity of another male, pref- 
erably to one belonging to a strain different from that of the 
stud male, implantation fails and the female returns to estrus 
as if mating had not occurred [6,10]. An olfactorily acting 
pheromone [15] present in the urine of intact males [10] is 
involved in this male-induced implantation failure (the Bruce 
effect). Recent studies suggest that this pheromone acts on 
the female through contact [16] and that the vomeronasal 
organ (VNO) is involved in its perception [4,17]. Anointing 
the alien males with certain artificial scents depresses the 
rate of implantation failure in newly inseminated females 
[18]. Olfactory bulbectomy protects the females against the 
incidence of the Bruce effect [7]. The present investigations 
were designed to evaluate the effect of bilateral transection 
of the lateral olfactory tract (LOT) on the male-induced im- 
plantation failure in newly inseminated female mice. 


METHOD 


Animals 


All females and the stud males belonged to the Parkes (P) 
strain. The alien males used for inducing implantation failure 
in newly inseminated females were of the wild strain. The 
animals were housed under standard laboratory conditions 
and maintained on a pelleted diet (Hindustan Lever Ltd., 
Ghaziabad, India) and water available ad lib. Rice husk was 
used as the bedding material. 





‘Requests for reprints should be addressed to C. J. Dominic. 


Surgery 


Bilateral LOT transection or sham-operation was per- 
formed when the females were 8-9 weeks old. The animals 
were anesthetized with sodium pentobarbitone (60 mg/kg) and 
the LOT was transected by the periorbital approach [9,13]. The 
eye balls were retracted and the periorbital bone at the 
posterior margin was carefully removed by using a dental 
drill. The LOT was exposed and transected using a thin 
needle under direct visual control. Sham-operation was simi- 
larly performed except that the LOT was not transected after 
exposing it; the cortex immediately above the LOT was 
pierced without touching the LOT as suggested by Alberts [1]. 


Test for Anosmia 


The females were tested for olfactory acuity when they 
were 9-11 weeks old by using the technique described by 
Alberts and Galef [2] (see [17] for details). Each female was 
observed for 5 min to test her ability to locate a buried bait 
(biscuit) in a cage, 48x 34x11 cm. The results were analysed 
by using the x’ test. 


Procedure 


Virgin females, 10-12 weeks old, were divided into five 
groups (vide infra) and paired with stud males of proven 
fertility. They were daily checked and upon finding the vagi- 
nal plug (day 0) were separated from the stud males and 
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FIG. 1. Diagrammatic representation of the ventral surface of the 
brain showing the level of LOT transection (0-20). LOT=Lateral 
olfactory tract; OB=olfactory bulb. 


housed individually in cages, 40x 15x10 cm, in which they 
remained till the termination of the investigations. Twenty- 
four hours later (day 1 post coitum) they were treated as 
follows: Group | (bilaterally LOT-transected females): Ex- 
posure to a confined alien male for 3 days (from 10.00 hr on 
day 1 to 10.00 hr on day 4). Group 2 (sham-operated 
females): Exposure to a confined alien male for 3 days as in 
Group |. Group 3 (intact females): Exposure to a confined 
alien male for 3 days as in Group 1. Group 4 (bilaterally 
LOT-transected females): Left undisturbed after separation 
from the stud male. Group 5 (intact females): Untreated con- 
trols; left undisturbed after separation from the stud male. 

The alien male during exposure was confined in a wire 
mesh corral, 16x11.5x9 cm, and placed inside the cage 
housing the newly inseminated female (cf. [17]). After expo- 
sure, the alien male with the corral was removed and the 
female remained in her cage. 

Vaginal smears were examined daily from all females up 
to day 7 post coitum and the presence of cornified cells in the 
smear was taken as an indication of implantation failure (cf. 
[10}). All females were sacrificed on day 7 and their uteri 
examined for implantation sites. Females without implanted 
embryos but failure to show vaginal cornification were 
presumed to be pseudopregnant (cf. [10]). The data were 
analysed by using the x’ test. 
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TABLE | 
OLFACTORY ACUITY IN LOT-TRANSECTED FEMALES 





Proportion of females 


locating 
buried bait* 


not locating 


Treatment buried bait 





LOT transection anterior 0/76 
to level 9 

LOT transection between 4/19 15/19 
levels 9 and 10 

LOT transection between 12/17 5/17 
levels 10 and 11 

LOT transection posterior 
to level 11 

Sham-operation 

Intact females 


76/76 


32/36 4/36 


55/57 2/57 
38/46 8/46 





*Significance of differences: 1 vs. 4, <0.001; 1 vs. 5, p><0.001; 1 vs. 
6, p<0.001; 4 vs. 5, N.S.; 4 vs. 6, N.S. 


Verification of the Completeness of LOT Transection 


At the termination of the investigations the animals were 
intracardially perfused with saline under deep ether 
anesthesia followed by 10% formalin, and the brain was dis- 
sected out. Completeness of LOT transection was assessed 
by examining the brain under a dissection microscope. The 
level at which the LOT was transected was plotted on a 
standard brain diagram (Fig. 1) for each female [13]. Females 
with asymmetric bilateral LOT transection were categorized 
according to the level of the more caudal of the two cuts [8]. 
Frozen sections of the brain, 30 yu in thickness, were taken 
and those at the level of the transection were stained with 
cresyl violet to assess the extent of cortical damage [13]. 
Sections of the brain posterior to the transection were 
stained for evaluating axonal degeneration using Fink- 
Heimer technique [11]. 


RESULTS 


Results of the olfactory acuity test are shown in Table 1. 
Bilateral transection of the LOT above level 9 (Fig. 1) in- 
duced anosmia in the females. Females with LOT transec- 
tion below level 11 showed normal olfactory acuity. 

The effect of bilateral transection of the LOT on the inci- 
dence of the Bruce effect is shown in Table 2. Bilateral tran- 
section of the LOT significantly decreased the rate of the 
alien male-induced implantation failure in females (Group 1). 
By contrast, sham-operated females showed a high rate of 
implantation failure following alien male exposure (Group 2) 
which was not significantly different from that in intact 
females similarly exposed to alien males (Group 3). Bilateral 
transection of the LOT per se did not adversely affect the 
rate of pregnancy (Group 4). 

The effect of LOT transection at different levels on the 
Bruce effect is shown in Table 3. The rate of implantation 
failure in females with the most anterior LOT transection 
(Group A) and in those with the most posterior LOT tran- 
section (Group G) were not significantly different from each 
other. Only one of the forty-eight females with LOT transec- 
tion above level 10, and three of the forty females with LOT 
transection below level 10 showed implantation failure fol- 
lowing alien male exposure, which were not significantly dif- 
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TABLE 2 
LOT TRANSECTION AND IMPLANTATION FAILURE 





Proportion and (%) of females 


with remaining 
implantation remaining pseudo- 


Group and treatment failure* pregnant pregnant 





. LOT transection 4/88 
and exposure to (4.5) 
alien males 


75/88 9/88 
(85.2) (10.3) 


. Sham-operation 
and exposure to 
alien males 


33/49 
(67.3) 


14/49 0/49 
(32.7) (0.0) 


. Untreated controls: 
exposure to 
alien males 


31/38 7/38 0/38 
(81.6) (18.4) (0.0) 


. LOT transection 0/20 19/20 1/20 
and left undisturbed (0.0) (95.0) (5.0) 
after separation from 
the stud male 


. Untreated controls: 
left undisturbed 
after separation from 
the stud male 





*Significance of differences: 1 vs. 2, p<0.001; 1 vs. 3, p><0.001; 2 
vs. 3, N.S.; 4 vs. 5, N.S. 


ferent from each other (p>0.05) or from the rate of spon- 
taneous failure of pregnancy in P mice in our laboratory. 

Transection of the LOT was complete in all the females 
except one. This female was discarded from the experiment. 
Cortical damage was not extensive as revealed by cresyl 
violet staining. Fiber degeneration was not noticed in the 
anterior commissure in any of the animals. 


DISCUSSION 


Transection of the LOT at its rostral level induced 
anosmia in the females in the present study. By contrast, 
LOT transection at its posterior level failed to induce 
anosmia in females; these animals showed normal olfactory 
acuity comparable to that seen in sham-operated and intact 
females. Bilateral transection of the LOT at all levels pre- 
vented incidence of the Bruce effect in females. The results 
strongly suggest that the inhibition of the Bruce effect in 
LOT-transected females is not due to anosmia induced by 
the operation procedure, but to the interruption of the olfac- 
tory bulb projections to targets located at the posterior part 
of the olfactory cortex. Ablation of the olfactory bulbs pre- 
vents the Bruce effect in mice [7]. LOT forms the sole effer- 
ent pathway of both the main (MOB) as well as the accessory 
olfactory bulbs (AOB) [9, 12, 20]. However, transection of 
the LOT is by no means equivalent to the removal of the 
olfactory bulb, since at any given level of the LOT transec- 
tion olfactory bulbular input to areas rostral to the cut will be 
spared, whereas, those to caudal areas will be severed [8,9]. 
In the present investigations, transection of the LOT even at 
the most posterior level inhibited the incidence of the Bruce 
effect. At this level of the LOT transection, primary projec- 


TABLE 3 


EFFECT OF LOT TRANSECTION AT VARIOUS LEVELS ON IM- 
PLANTATION FAILURE IN ALIEN MALE-EXPOSED FEMALES 





Proportion of females 


with remaining 
implantation remaining pseudo- 
failure pregnant pregnant 


Level of 
transection 





Anterior to 1/16 2/16 
8 
Between 8 
and 9 
Between 9 
and 10 
Between 10 
and 11 
Between 11 
and 12 
Between 12 
and 13 
Posterior to 
13 





tions of the AOB to its targets in the olfactory cortex will be 
completely severed, whereas, that of MOB will be tran- 
sected only partially [19, 20, 21). 

In several primer pheromonal effects the initial response 
to social stimuli from the opposite sex is the release of LH [5] 
and this effect is dependent on an intact vomeronasal system 
(cf. [14]). Ablation of the VNO inhibits the Bruce effect in 
females [4,17]. Surgical ablation of the VNO does not cause 
damage to main olfactory receptors [17], though other ol- 
factory structures may be affected (cf. [14]). Intracranial 
transection of the vomeronasal nerve (VNN) also prevents 
the Bruce effect in females (Rajendren and Dominic, unpub- 
lished observations). Though VNN transection does not rule 
out some damage to nervus terminalis [14], the operation 
spares other olfactory structures which are likely to suffer 
inadvertent damage during VNO ablation. LOT transection 
might be used to distinguish between vomeronasal and ner- 
vus terminalis contributions, because these systems project 
to common areas in the amygdala and medial preoptic area 
through different routes [14]. Therefore, the results pre- 
sented in this study can be taken to rule out the involvement 
of the nervus terminalis in the Bruce effect. 

The VNO is connected by a single synapse to the AOB [3] 
which in turn projects to corticomedial amygdala [19,21]. 
Transection of the LOT at the posterior level as in the pres- 
ent study may have severed the AOB afferents to their 
targets as well as the MOB projections to its targets located 
at the posterior part of the olfactory cortex (cf. [20,21]. The 
projection sites of the AOB inside the amygdala, especially 
the medial amygdaloid nucleus, project via the stria termi- 
nalis to the preoptic and medial hypothalamic areas which 
have been implicated in reproductive physiology and be- 
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haviour in mammals (cf. [14,21]). By contrast, the MOB pro- 
jection targets located at the posterior part of the olfactory 
cortex, namely its amygdaloid sites and the etorhinal area, 
do not have any hypothalamic representation (cf. [21)). 


Therefore, the present findings can be taken as indicating the 
involvement of the accessory olfactory system in the trans- 
mission of the pheromonal stimulus involved in the Bruce 
effect. 
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CZAJA, J. A. AND P. C. BUTERA. Body temperature and temperature gradients: Changes during the estrous cycle and 
in response to ovarian steroids. PHYSIOL BEHAV 36(4) 591-596, 1986.—Rectal temperature, body weight, and vaginal 
membrane condition were monitored in female guinea pigs in order to determine the pattern and magnitude of changes in 
these variables across the estrous cycle and as a result of treatment with ovarian hormones. A thermistor probe was used to 
measure rectal temperatures at depths of 4 and 8 cm and to determine the temperature gradient between these two sites. 
Data collected across the estrous cycles of 18 intact females were aligned by daytof vaginal membrane rupture, the 
estimated time of ovulation. Compared to measurements during the midluteal phase of the estrous cycle, rectal 
temperatures increased significantly one to three days prior to vaginal membrane rupture. In addition, a significant 
periovular decline was observed in the temperature gradient and in body weight. Treatment of ovariectomized females with 
3 wg estradiol benzoate for 3 days (EB) followed by a single injection of 0.4 mg progesterone on the 4th day (P) led to 
biphasic changes in temperature. Compared to a control group which received injections of 0.2 ml corn oil vehicle for 4 
consecutive days (OIL), EB significantly increased rectal temperature measured at the depth of 4 cm, but had no significant 
effect on measurements taken at a depth of 8 cm. The temperature difference between these two sites also decreased 
significantly. Rectal temperatures at both 4 cm and 8 cm sites dropped significantly following injection of progesterone. 
Ovarian hormones therefore have significant effects on body temperature of guinea pigs, effects which, in combination with 
other evidence, lead us to suggest that some of the observed temperature variations may be related to estrogen-induced 
changes in peripheral vasodilation or other mechanisms of heat loss. 

Body temperature Rectal temperature Body weight Estradiol 


Progesterone Guinea pig 





IN addition to their reproductively significant functions, 
ovarian hormones have been shown to influence numerous 
other behavioral and physiological variables. Among these is 
body temperature. Ovarian hormones have been reported to 
modify body temperature and thermoregulatory behaviors in 
a number of species, including humans [4, 12, 13, 19], chim- 
panzees [18,29], rabbits [3], rats [2, 5, 16, 20, 21, 25, 31, 32], 
and mice [30]. Homeostatic control mechanisms of mam- 
mals usually maintain body temperature at relatively con- 
stant levels. Changes in temperature are known to influence 
the rate and direction of many metabolic and biochemical 
processes. Thus, the systematic changes in body tempera- 
ture produced by ovarian hormones and the mechanisms un- 
derlying these effects are not only of interest in themselves, 
but also because of their potential impact on other physiolog- 
ical functions. We have previously reported that ovarian 
hormones influence a number of physiological and behav- 
ioral variables in guinea pigs [7, 8, 10, 11]. It is possible that 
some of these effects may result indirectly from the hor- 





monally produced changes in body temperature. As a pre- 
lude to investigating this possibility, the following studies 
were conducted to gather preliminary information concern- 
ing the effects of spontaneous and induced hormonal 
changes on body temperature in the guinea pig. 


GENERAL METHOD 
Subjects 


Adult female guinea pigs were selected from a 
heterogeneous stock (Topeka) bred in our laboratory and 
housed in a windowless animal room. Room temperature 
was maintained between 20.5 and 22.5°C under a 12:12 
light:dark schedule with lights on at 0800 hr. Dry guinea pig 
chow (Purina No. 5025) and tap water were available ad lib. 


Temperature Measurements 


Rectal temperatures, measured to the nearest 0.05°C, 


‘Supported in part by a Grant-in-Aid from the American Heart Association, Indiana Affiliate. 
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FIG. 1. Temperature differentials (Mean + S.E.) resulting from 
measurements with a YSI 402 thermistor inserted to various depths. 
Plots are based on 5 series of measurements in a single water bath 
(38.9°C) and 5 series of rectal measurements in 5 different ovariec- 
tomized guinea pigs (mean temperature at 8 cm=38.9°C). Room 
temperature was 21.8°C. 


were taken daily between 1350 and 1450 hr using a Yellow 
Springs Instrument Co. telethermometer (Model 43F) 
equipped with a thermistor probe (‘Type 402, time con- 
Sstant=3.2 sec). For measurement of rectal temperature, a 
subject was removed from its cage and held by the experi- 
menter. The thermistor probe was coated with lubricant and 
then inserted into the rectum to a depth of either 4 or 8 cm, as 
indicated by marks on the probe. The order of measurement 
at the two depths was counterbalanced. A period of 30 sec- 
onds was allowed for meter stabilization before the tempera- 
ture was recorded. The probe was then moved to the other 
depth and, after an additional 30 seconds, the second tem- 
perature recorded. The difference between the readings at 
the two depths was then calculated and recorded. 

Initial observations revealed that recordings of rectal 
temperature in the guinea pig varied as a function of depth of 
probe insertion. Additional observations were therefore 
made to document the measurement characteristics of the 
YSI 402 thermistor probe and the temperature differences at 
various depths in the guinea pig rectum. A series of rectal 
temperatures were recorded at 1 cm steps between the 
depths of 1 to 8 cm in 5 ovariectomized guinea pigs. In addi- 
tion, 5 series of data were collected on the ability of the 
thermistor to accurately measure temperatures when im- 
mersed to comparable depths in a large water bath. These 
observations were conducted at a room temperature of 
21.8°C. Because the average temperature of the 5 ovariec- 
tomized guinea pigs was 38.9°C at a depth of 8 cm, the water 
bath was also maintained at 38.9°C. Temperatures were re- 
corded after the probe was at a selected depth for 30 sec- 
onds. 

Based on measurements in the constant temperature 
water bath, it was found that the YSI 402 thermistor probe 
produced readings accurate to within 1% when 4 cm or more 
of its tip was in the water. The temperature of the water was 
significantly underestimated if less of the probe was sub- 
merged. However, readings at the various depths were very 
reproducible (Fig. 1). In the guinea pigs, the differences in 
temperature recorded at various depths were much greater 
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than could be accounted for by these measurement charac- 
teristics of the probe. It was therefore decided to continue to 
record rectal temperatures at two depths, 4 cm and 8 cm, and 
to use the temperature differential between these two sites as 
an index of the gradient between core and surface tempera- 
tures. 


Body Weight and Vaginal Membrane Condition 


Vaginal membranes were examined daily at the time of 
the temperature measurements. Intact membranes usually 
cover the vaginal entrance [7]. If a vaginal membrane had 
ruptured, the day of rupture was noted on the female’s 
record sheet, as were the number of subsequent days on 
which a subject’s vaginal membrane contained perforations. 
Immediately after the temperatures and vaginal membrane 
condition were recorded, a subject's body weight was 
determined to the nearest gram. 


STUDY 1: CHANGES IN BODY TEMPERATURE 
ACROSS THE OVARIAN CYCLE 


Guinea pigs have a prolonged estrous cycle of 
approximately 16 days [8]. This cycle includes a spontaneous 
progestational phase similar to that observed during the 
menstrual cycle of humans and nonhuman primates. A 
membrane covers the vaginal canal of the guinea pig for all 
but approximately 3—5 days of each cycle. In the majority of 
female guinea pigs, this vaginal membrane ruptures within 48 
hr of ovulation [15] and the rupture thereby provides a 
convenient external indicator of the periovular portion of the 
cycle. Female guinea pigs show a depression in feeding and 
body weight coincident with rupture of the vaginal 
membrane [7,11]. Both vaginal membrane rupture and the 
accompanying depression in food intake and body weight are 
thought to result from the increased levels of circulating 
estrogens, because they are readily induced by treating 
ovariectomized guinea pigs with estradiol [8,9]. This first 
study was undertaken to determine whether the body 
temperatures of intact females might also show systematic 
changes in response to the endocrine variations which occur 
across the ovarian cycle. 


METHOD 


A total of 19 intact females were monitored for a 5-week 
period. Subjects were housed in pairs in solid bottom cages 
50x 56x23 cm high) which contained a bedding of wood shav- 
ings. In order to assure that females were cycling normally, 
vaginal membrane condition of all subjects was initially 
monitored until they had shown at least 2 instances of vagi- 
nal membrane rupture. One female did not show vaginal 
membrane rupture and was consequently dropped from the 
study. Data on rectal temperatures, body weight, and vaginal 
membrane condition were then collected daily from the other 
18 females until each subject had been followed across an 
interval from 8 days prior to rupture through 8 days after 
rupture of the vaginal membrane. 

Data from each female were aligned by the first day of 
vaginal membrane rupture (Day 0). To assess the effects of 
Ovarian condition on the dependent variables, the midluteal 
phases of the estrous cycles (Days —6, —7 and —8 plus Days 
6, 7 and 8) were taken as baseline. Mean baseline tempera- 
tures and body weights were then calculated for these inter- 
vals. Within-subject statistical comparisons with the baseline 
averages were then used to assess whether the data on a 
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particular day of the cycle differed significantly from 
baseline. For graphic presentations, measures were ex- 
pressed as a change from these baselines. 


RESULTS 


As reflected by the interval between ruptures of the vagi- 
nal membrane, the temperature measurement procedure did 
not in itself significantly affect the length of the guinea pig 
ovarian cycle. Immediately prior to the start of temperature 
measurements, the interval between ruptures averaged 
17.1+0.5 (Mean+S.E.) days in length compared to average 
lengths of 15.9+0.7 days during the time when rectal tem- 
peratures were monitored, t(17)=1.636, N.S. In addition, 
the average number of days on which the vaginal membrane 
was perforated after rupture during the time of rectal tem- 
perature measurements (4.4+0.4 days) was not significantly 
different from the number of days on which perforations 
were noted prior to these measurement procedures (4.5+0.4 
days, 1(17)=0.315, N.S. 

Mean baseline rectal temperatures measured at a depth of 
4 cm averaged 36.87+0.05°C, and those measured at a depth 
of 8 cm were 38.62+0.03°C. The average temperature differ- 
ence between these two points was 1.75+0.04°C. The mean 
temperature gradient between these two points was there- 
fore 0.44°C per cm. Baseline body weights averaged 
950.1+17.9 g. 

Measurements of temperature and body weight showed a 
great deal of stability from day to day. The baseline within- 
subject coefficients of variance (baseline standard deviation 
as a percent of the baseline mean) were calculated to average 
0.49% for the temperature at 4 cm, 0.33% for the temperature 
at 8 cm, and 0.49% for body weight. 


Figure 2 depicts the changes in average daily tempera- 
tures and body weight aligned by the day of vaginal mem- 
brane rupture. As has been previously reported, body 
weights of female guinea pigs were suppressed around the 
time of vaginal membrane rupture relative to the body 
weights obtained during the luteal phase (graph D). In this 
instance, the duration of significant suppression lasted from 
Day —2 to Day 3. Compared to midluteal levels, significant 
preovulatory increases in temperature were recorded at both 
rectal sites. At the inner 8 cm site (graph A), this modest 
increase was significantly above baseline on Days —4 
through —1. At the outer 4 cm site (graph B), a quantitatively 
larger increase remained significantly greater than baseline on 
Days from —3 to 0. Because these temperature changes were 
greater at the outer 4 cm site, the temperature differential 
between the two rectal depths (graph C) was significantly 
less than baseline on Days —1 and 0. A sharp drop in rectal 
temperatures occurred across the 48 hour interval between 
the day before (Day —1) and the day after (Day 1) vaginal 
membrane rupture. This change was significant for meas- 
urements at both the 8 cm depth (—0.13+0.06°C, 
1(17)=2.204, p<0.05) and the 4 cm depth (—0.29+0.07°C, 
t(17)=3.925, p<0.01). 


STUDY 2: EFFECTS OF ESTRADIOL PLUS 
PROGESTERONE INJECTIONS ON THE BODY 
TEMPERATURE OF OVARIECTOMIZED FEMALES 


Preceding estrus, guinea pigs display a 2 to 3 day increase 
in circulating estradiol followed by a short-term surge in 
circulating progesterone [6, 14, 17]. The sequential injection 
of estradiol and progesterone into ovariectomized female 
guinea pigs has been shown to induce a number of the 
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FIG. 2. Rectal temperatures, body weight, and vaginal membrane 
condition across the guinea pig estrous cycle. Cycle data are aligned 
by the day of vaginal membrane rupture (Day 0, solid bar in Graph 
E.) Graphs A, B, C, and D depict average daily deviations from the 
midluteal baseline (Days —8 to —6 and Days 6 to 8). *=p<0.05, 
**=p<0.01, and ***=p<0.001 based on within-group comparisons 
to the midluteal baseline mean. Graph E indicates the percent of 
subjects with vaginal membrane perforations (shaded bars) on each 
day following the initial rupture. 


behavioral and physiological effects which normally 
accompany estrus [7, 8, 9, 10]. To test whether such 
treatment might also produce temperature changes similar to 
those occurring around estrus, rectal temperatures were 
recorded in ovariectomized guinea pigs given sequential 
injections of estradiol followed by progesterone. 


METHOD 


Subjects consisted of 30 adult female guinea pigs which 
had been ovariectomized at least two weeks prior to the start 
of measurements. The guinea pigs were maintained individ- 
ually in wire mesh cages (182418 cm high). 

Subjects were monitored for a total of 13 days. The 3 days 
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FIG. 3. Effects of estradiol and progesterone injections on rectal 
temperatures, body weight, and vaginal membrane condition of 
ovariectomized guinea pigs. Subjects in the experimental group re- 
ceived 3 subcutaneous injections of 3 wg estradiol benzoate in oil 
(EB) followed by a single injection of 0.4 mg progesterone in oil (P). 
Subjects in the control group received 4 injections of 0.2 ml corn oil 
vehicle (OIL). Graphs A, B, C, and D depict average daily devia- 
tions from the preinjection baseline (Days 1, 2, and 3). *=p<0.05, 
**=p<0.01 compared to the control group. Graph E summarizes the 
distribution of initial vaginal membrane ruptures (solid bars) and 
daily percent of subjects with vaginal membrane perforations 
(shaded bars) in the experimental (EB+P) group. No membrane 
ruptures were observed in the control (OIL) group. 


immediately preceding hormone injections (Days 1, 2, and 3) 
were taken as baseline. All data were subsequently ex- 
pressed as a change from baseline prior to analysis. Twelve 
females were randomly assigned to the experimental group 
and given 3 subcutaneous injections of 3 yg estradiol ben- 
zoate (EB) on Days 4, 5 and 6 followed by a single injection 
of 0.4 mg progesterone (P) on Day 7. An additional 18 
females were assigned to a control group which received 4 
consecutive 0.2 ml subcutaneous injections of the corn oil 
vehicle (OIL) on Days 4, 5, 6 and 7. The hormone or oil 
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treatments were administered between 0730 and 0830 hr, 6 
hr before measurements for that day. The significance of the 
temperature changes occurring during hormonal treatments 
was assessed by between-group [-tests. 


RESULTS 


Prior to injections, baseline rectal temperatures averaged 
37.18+0.05°C at the 4 cm depth and 38.84+0.04°C at the 8 
cm depth. A difference between these points of 1.66+0.05°C 
indicated an average temperature gradient of 0.42°C per cm. 
Mean baseline body weight was calculated to be 715.3+15.2 
g. There was no significant pretreatment difference between 
the experimental and control groups on any of these meas- 
ures. 

The effects of estradiol on body weight were as expected. 
No significant changes were noted 6 hours after the first 
injection. However, the body weights of females injected 
with estradiol showed a significant negative shift when 
measured the next day, 30 hours after the initial injection of 
estradiol. 

Vaginal membrane rupture was observed in all experi- 
mental females, with rupture occurring an average 68.4+4.6 
hr after the initial hormone treatment. The mean number of 
days on which membranes were observed to be perforated 
was 4.8+0.4, a duration comparable to that noted in the 
intact females. No instances of rupture were observed in the 
oil injected control group. 

As depicted in Fig. 3, the estradiol injections did not 
produce immediate effects on body temperature. No signifi- 
cant between-group differences were noted in measurements 
taken on Day 4, 6 hours after initial hormone exposure. 
However, by Day 5, 30 hours after the first injection of es- 
tradiol, rectal temperature measured at the outer depth of 4 
cm (graph B) had increased significantly. In contrast, es- 
tradiol injections did not change temperatures recorded at 
the inner depth of 8 cm (graph A). Due to the increase in the 
more peripheral (4 cm) temperature, the temperature differ- 
ential between the two rectal sites decreased significantly 
(graph C). 

As reflected by measurements collected on Day 7, 6 hours 
after treatment, progesterone also did not have an immediate 
impact on temperature. By Day 8, however, rectal tempera- 
tures of the progesterone treated subjects were significantly 
below control levels at both the 4 cm and 8 cm depths. The 
within-subject magnitude of this shift between Day 6 and 
Day 8 averaged —0.42+0.05°C at the 4 cm depth, 
t(11)=9.033, p<0.001, and —0.32+0.07°C at the 8 cm 
depth, 7(11)=4.442, p<0.001. 


DISCUSSION 


Rectal temperatures of female guinea pigs were found to 
show moderate, but statistically significant, variations 
across the estrous cycle. Compared to the luteal phase, tem- 
peratures were relatively elevated during the preovulatory 
portion of the cycle immediately preceding rupture of the 
vaginal membrane. Temperatures dropped significantly 
coincident with vaginal membrane rupture. Measurements at 
two different depths indicated that these changes in rectal 
temperature were more pronounced at the site closer to the 
body surface. As a consequence, the temperature differential 
between these two sites decreased significantly immediately 
prior to vaginal membrane rupture, the presumed time of 
ovulation. 

The sequential treatment of ovariectomized guinea pigs 
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with estradiol and progesterone produced biphasic effects on 
rectal temperatures, effects similar in pattern to the periovu- 
lar changes observed in the intact females. Consistent with 
previous reports [7, 8, 11], treating ovariectomized guinea 
pigs with estradiol induced vaginal membrane rupture and 
reduced body weight. The estradiol injections also raised 
rectal temperature measured at a depth of 4 cm. However, 
estradiol treatment produced no significant change in tem- 
perature at the deeper (8 cm) site. A significant drop in rectal 
temperature was detected at both the 4 cm and 8 cm sites 
following progesterone treatment. 

Ovarian hormones have previously been reported to in- 
fluence body temperature in a number of other species. The 
occurrence of a luteal increase in human basal body tempera- 
ture has long been used diagnostically as an index of ovarian 
function. Correlative and experimental studies in humans 
have linked the luteal rise in temperature to elevations in 
circulating progesterone [4, 12, 13, 19, 29, 33]. Progesterone 
has also been reported to elevate body temperature in rats 
[16,25] and mice [30]. In contrast, we found that rectal tem- 
peratures of guinea pigs dropped following an injection of 
progesterone. However, our studies were not designed to 
test for the effects of progesterone per se. In the present 
experiments, the observed decline in body temperature 
might just as readily be attributed to estrogen withdrawal or to 
the interaction of estradiol and progesterone. Unfortunately, 
none of the previous reports on ovarian hormones and body 
temperature of animals have evaluated the effects of se- 
quential treatment with estradiol and progesterone. It is 
possible that this pattern of hormone treatment, a pattern 
known to artificially induce behavioral estrus in ovariec- 
tomized guinea pigs [9,10], also produces a unique effect on 
body temperature. 

Studies concerning the effects of estrogens on body tem- 
perature have not provided consistent findings. The pre- 
ovulatory temperature nadir in humans is commonly attrib- 
uted to a preovulatory rise in estrogens [23]. However, es- 
trogenic treatments are sometimes found to decrease body 
temperature of humans [19] and at other times to have no 
significant effects [12, 24, 29]. Conflicting results have also 
come from experiments with animals. In the rabbit, estradiol 
appears to decrease body temperature [3]. In the rat, some 
investigators have noted an increase [25], others have found 
little change [5,21], while some have reported a decrease 
[28,31] in body temperature as a result of estradiol treatment. 

Temperature homeostasis involves a multifaceted control 
system which depends upon a variety of mechanisms in- 
volved in heat production and in heat dissipation. It is likely 
that ovarian hormones simultaneously affect many of these 
mechanisms, and that the overall effect of ovarian hormones 
on body temperature depends upon the summation of these 
actions plus characteristics and conditions of the species 
being studied. The current results, in conjunction with pre- 
viously published data, provide evidence concerning one 
possible mechanism by which estrogen may affect thermal 
regulation. 

The measurements taken at two different sites in the 
guinea pig rectum provide evidence concerning changes in 
the core-to-surface temperature gradient within these 
animals. Estradiol treatment selectively increased tempera- 
ture close of the animal's surface, suggesting that the pri- 
mary effects of estradiol are on peripheral mechanisms of 
heat dissipation. This finding is consistent with the report of 
Laudenslager et al. [21] which shows that estradiol increases 
dry heat loss. However, treating ovariectomized rats with 
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estradiol also raises heat production [1, 5, 21]. Thus, the 
increase in heat dissipation may be a response to increased 
heat production. Alternatively, the increase in heat produc- 
tion may occur to compensate for the increased heat loss. 
Results from a recent experiment on hypothyroid rats are 
relevant to this question. Placed in a cold environment, 
ovariectomized and hypothyroid rats showed higher levels of 
heat production than heat loss and were able to maintain 
body temperature. However, hypothyroid females which 
were either gonadally intact or ovariectomized and treated 
with estradiol lost more heat than they produced [20]. These 
findings are consistent with the hypothesis that the increase 
in dry heat loss is a primary thermoregulatory effect of es- 
tradiol [20]. 

Although rectal temperature is often equated with core 
temperature, it is obvious that there are a wide variety of 
different temperatures throughout the body. These differ- 
ences are probably greater in smaller animals, which have a 
relatively large surface area per volume. After completing 
our studies we located a report by Lomax, who had previ- 
ously cautioned that the depth of rectal probe placement can 
significantly influence estimates of core temperature and the 
ability to detect temperature shifts in rats and guinea pigs 
[22]. Our findings are qualitatively similar to those of 
Lomax. Lomax did not indicate the particular thermistor 
used in his experiments. Other animal studies on ovarian 
hormones and body temperature have used the YSI 402 
probe at depths of 5 and 6 cm in rats [5, 21, 31] and at a depth 
of 2 cm in mice [30]. Freeman et a/. [16] took measurements 
at a depth of 2 cm in rats with an unspecified thermistor, and 
Marrone et al. [25] utilized a YSI 423 probe at a depth of 
approximately 6.5 cm. Lomax found that the differences in 
rectal temperature at various depths were much greater in 
rats than in guinea pigs. Therefore, it may be that some of the 
inconsistencies among previous reports of hormonal effects 
on body temperature may relate to differences in the ther- 
mistor probes and the depths at which they were used. 

Findings from the two studies described in this paper 
indicate that ovarian hormones have moderate, but signifi- 
cant, effects on rectal temperatures of guinea pigs. Further 
research will be necessary to characterize the relationships 
between the specific ovarian hormones and their thermo- 
regulatory consequences in this species. However, the data 
suggest that the effects of estradiol on rectal temperature 
may relate to changes in peripheral blood flow rather than to 
an overall shift in core temperature. This is not a novel hy- 
pothesis. Over 35 years ago, Rothchild and Barnes stated 
that ‘‘As far as body temperature is concerned, the estrogens 
may be safely assumed to affect it through their cutaneous 
vascular effects’’ ({29], p. 494). More recently, Laudenslager 
et al. suggested that ‘‘because of the many effects of estro- 
gen on the cardiovascular system, it may be that estrogen alters 
the peripheral vasculature so as to increase blood flow to the 
periphery or to interfere with cold-induced vasoconstric- 
tion’’ ((20], p. R75). Consistent with this notion, it has re- 
cently been reported that estrogens significantly inhibit both 
the in vivo and in vitro vasoconstrictive response of the 
guinea pig vasculature to norepinephrine [26,27]. Such an 
effect would be expected to increase peripheral vasodilation 
and, as a consequence, increase peripheral blood flow and 
heat loss. 
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BOUCHON, R. AND P. ROPARTZ. Recovery of exploratory capacity after ectopic pituitary homografts in Snell Dwarf 
mice (dw/dw). PHYSIOL BEHAV 36(4) 597-602, 1986.—The effects of ectopic pituitary homografts on free behavior were 
studied over a period of one month in adult Snell Dwarf mice. Because of anterohypophyseal deficiency, these animals 
exhibit dwarfism, sterility, and marked behavioral deficits. Beginning on the 16th day after surgery, in addition to a 
considerable weight gain, grafts result in the total disappearance of inactivity with passive social contact—the behavior 
most frequently observed in the mutants—to be replaced only by exploration—the most frequently observed behavior in 
controls. The treatment totally restores the latter behavior. Specific hormonal treatments and biochemical manipulations at 
different stages would enable identification of the hypophyseal hormones and/or the growth factors involved in the 


behavioral and morphological changes. 
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THE effects of ectopic pituitary grafts on behavior are not 
well known at present. A few studies have shown that pitui- 
tary homografts under the kidney capsule in intact rats are 
associated with increases in grooming behavior [14,17] and 
facilitation of some elements of male sexual behavior [18]. 
The same treatment facilitates brain processes involved in 
active avoidance learning in two different test situations 
(shuttle-box and pole jumping), but fails to influence reten- 
tion performance, as studied in a ‘‘step-through’’ type pas- 
sive avoidance task [16]. 

The authors of the above-mentioned studies attribute 
most of the effects only to the endogenous hyperprolac- 
tinaemia induced by pituitary homografts, since the latter 
secrete high levels of prolactin and few, if any, other 
hypophyseal hormones when disconnected from normal hy- 
pothalamic control [14,29]. 

The demonstration of facilitating effects of ectopic pituitary 
grafts on the behavior of intact animals led us to investigate 
the effects of the same treatment as a ‘‘therapy”’ in deficient 
animals, namely in Snell Dwarf mutant mice [36]. Because 
of an anterohypophyseal deficiency [12,34], these animals 
present dwarfism, sterility [36] and marked exploratory and 
learning impairments. In comparison to controls, dwarf mice 
show reduced exploratory activity, fail to habituate in a 
short, repeated open-field test, and interact less with their 
physical rearing environment, as found during a 31-day 
video-recording study [8]. They also show serious disturb- 





ances in a spontaneous alternation task in a T-maze, but not 
in a Y-maze [10], and perform very poorly in the Hebb- 
Williams maze [9] and in a “‘step-through’’ type passive 
avoidance learning task (unpublished results). 

We have recently shown that hypophyseal grafts under 
the kidney capsule in these animals are associated, one 
month after surgery, with an appreciable increase in body 
weight (+ 120%), and with the total recovery of exploratory 
behavior and passive avoidance learning capacity as as- 
sessed respectively by spontaneous alternation in a T-maze 
and “‘step-through’’ passive avoidance [7]. Furthermore, 
preliminary experiments have revealed the appearance of a 
marked, global behavioral arousal in the course of the month 
after the placement of grafts, expressed through a very 
strong exploratory tendency in the home cage. 

The present study has two aims—to establish behavioral 
parameters sensitive to the treatment in freely behaving 
dwarf mice, and to establish the time-course of developing 
behavioral changes. 


METHOD 
Subjects 


The study was carried out on 30 male mice of the inbred 
strain DW/Orl-dw. The animals were bred in a closed colony 
in our laboratory, by mating heterozygous normal female 
carriers of the dw gene (dw/+) with homozygous deficient 
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TABLE 1 


BODY WEIGHT (A) AND ABSOLUTE BODY WEIGHT INCREASE (B) AT DAY OF SURGERY AND EVERY 
2 WEEKS OVER A 3-MONTH PERIOD AFTER SURGERY 





A. Body weight (g) at 
day of surgery (0) and 
weeks post surgery* 


Sham-grafted 
controls 


Grafted 
dwarfs 


Sham-grafted 
dwarfs 





26.05 (1.80) 
27.25 (1.84) 
27.75 (2.00) 
28.05 (3.13) 
28.25 (2.24) 
27.71 (1.95) 
29.12 (2.19) 


NoSo eA AN SO 


—_— 


B. Absolute body weight 
increase weeks 
post surgery$ 


Sham-grafted controls 
vs. Grafted dwarfs 


5.35 (0.52) 
7.10 (1.37) 
9.80 (1.35)tt 
11.35 (1.03)tt 
13.20 (0.79)+4 
14.58 (0.76)++ 
14.78 (1.35)7t 


5.10 (0.46) 
6.05 (0.60)7 
5.60 (0.84) 
5.50 (1.11)* 
5.55 (1.26)7 
6.19 (1.44)7 
6.19 (1.40)7 


Grafted dwarfs 
vs. Sham-grafted 
dwarfs 


Sham-grafted controls 
vs. Sham-grafted dwarfs 





0-2 
2-4 
46 
6-8 
8-10 

10-12 


(—1.53) NS 

(— 11.64) p<0.001 

(—2.60) NS 

(—4.32) p<0.01 

(—8.66) p<0.001 
(4.06) p<0.01 


(1.03) NS 
(5.03) p<0.001 
(0.83) NS 
(0.41) NS 

(—4.71) p<0.001 
(4.74) p<0.001 


(2.73) NS 
(16.66) p<0.001 
(8.31) p<0.001 
(11.87) p<0.001 
(5.09) p<0.001 
(0.67) NS 





*Values are mean + SD in parentheses. 


+Significant difference vs. Sham-grafted controls (p<0.001, Bonferroni’s ¢ test). 
+Significant difference vs. Sham-grafted dwarfs (p<0.001). 


§+ values in parentheses: Bonferroni test. 


male dwarfs (dw/dw) bearing pituitary homografts [7]. Male 
dwarfs were grafted at 2 months old. They received 2 
pituitaries from female controls of the same age: one under 
each kidney capsule. One month later, grafted dwarfs were 
mated with heterozygous normal females. Success levels 
reached 80%, although in some cases the male had to be kept 
with the female for one month. Fertility of the males lasted 
several months. According to Bartke [1], fertile male dwarfs 
continued to sire litters up to 3 months after grafting. Three 
groups of 10 mice were formed, consisting respectively of 
dwarf, grafted animals; dwarf, sham-grafted animals; and 
sham-grafted phenotypically normal control animals, 
heterozygotic for the locus dw. 


Treatments 


The operations were performed under anesthesia when 
the animals were 2-months-old (1 part 5% Nembutal to 3 
parts 0.9% NaCl and 4 parts atropine sulfate, 0.4 mg/ml:0.01 
ml/g). Animals receiving grafts received two pituitaries from 
male littermate donors, one under each kidney capsule ac- 
cording to the procedure described by Everett [20]. Sham- 
grafted animals underwent the same surgical intervention but 
did not receive any transplant. 


Environment 


After weaning, the mice were reared in groups of 5 in 
plastic cages (33 x 18x 13 cm) with food and water constantly 
available. Because of aggressive behavior by controls 
toward dwarf mice, animals were housed according to 
phenotypes. In order to facilitate observations without dis- 
turbing the subjects, immediately after surgery the animals 


were housed in pairs according to phenotype and treatment. 
They were maintained from birth in a room with a controlled 
12-hour light/dark cycle with lights on at 0800 hr and tem- 
perature maintained at 23°C. 


Procedure 


The significant increase in body weight has been consid- 
ered as indicating that the graft has taken successfully. 
Therefore the animals were weighed every week for 3 
months. 

Behavioral data were obtained 6 times daily from obser- 
vations conducted at the same time, beginning on the Sth day 
after surgery (giving a sufficient period for behavioral re- 
covery following surgery) and for a period of 1 month. An 
additional series of observations was conducted 10 days later 
to verify the stability of the results. In all cases, the mouse’s 
behavior was recorded every 5 minutes between 1830 and 
1900 hr. We decided to observe the animals at a period of the 
day during which the controls were active. 

Nine behavioral measures were selected for study, based 
on preliminary observations and partially on existing litera- 
ture: (1) Inactivity without social contact (s.c.): the animal 
sleeps or is awake without moving and without contacting its 
companion. (2) Inactivity with passive social contact 
(p.s.c.): the animal sleeps or is awake without moving, being 
in contact with its companion. (3) Grooming without s.c.: the 
animal self-grooms without contacting its companion. (4) 
Grooming with p.s.c.: the animal self-grooms while contact- 
ing its companion. (5) Feeding without s.c.: the animal eats 
or drinks without contacting its companion. (6) Feeding with 
p.s.c.: the animal eats or drinks while contacting its compan- 
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ion. (7) Locomotion: any common ijocomotor activity. (8) 
Exploration: the animal rears without support or against the 
wall of the cage; is active on the cage-cover; moves sawdust 
in the cage; sniffs. (9) Active social contact: the animal 
actively interacts with its companion, i.e., pushes it, grooms 
it, or fights with it. 


Statistical Analysis 


Body weight and absolute body weight increase data were 
analyzed using Levene’s test for equal variances [11]. Where 
possible, one-way analysis of variance was performed. Mul- 
tiple comparisons used Bonferroni's /-test [13], with separate 
variance ¢ for unequal variances and pooled variance ¢ for 
equal variances. 

Behavioral data were analyzed in a factorial analysis of 
correspondences [6]. The aim of this analysis was to identify 
the most discriminating behavioral measures [26]. The prin- 
ciple of factorial analysis of correspondences consists of es- 
tablishing a cluster of n points in the R real space, each point 
corresponding to one observation. The inertia of the cluster 
was then calculated with respect to its centre of gravity. The 
directions of the principal elongations of the cluster deter- 
mined the factorial axes, which were mutually orthogonal 
(and not correlated). The importance of any factor was then 
identified using the associated percentage of inertia. The first 
factor took into account the most information; the second 
factor took into account most of the information from that 
left over, and so on. The data on these measures underwent 2 
arc sin Vh transformation [22] where h=x/n, in order to 
equate variances. Where possible, one-way analysis of vari- 
ance (ANOVA) with replication was used to evaluate differ- 
ences between homografted and sham-grafted mice in the 
time-course experiment. Multiple comparisons used Bonfer- 
roni’s f-test. 


RESULTS 
Morphological Parameters 


As shown in Table 1A, on the day of surgery the sham- 
grafted control animals were significantly heavier than either 
grafted (t=34.92, p<0.001) or sham-grafted dwarf mice 
(t=35.62, p<0.001); the two dwarf groups did not differ from 
each other (¢=1.14, p>0.26). 

Body weight increases, assessed every 15 days relative to 
weight on the day of surgery, are shown in Fig. 1. It can be 
seen that a significant difference appears between the 3 
groups beginning from the 2nd week after surgery. The re- 
sults are presented in detail in Table 1B. 

Three months after surgery, body weight increase 
reached 176% in grafted dwarfs, compared to only 12% and 
21% in controls and sham-grafted dwarfs, respectively. 


Behavioral Measures 


The results of the factorial analysis of correspondences 
are given in Table 2A. The most discriminating measure was 
inactivity with p.s.c. [2], which accounted for 57.1% of the 
variance on the Ist factor. The second discriminating meas- 
ure was exploration [8], which accounted for 25.3% of the 
variance on the Ist factor and 34.9% on the 2nd factor. 
Grooming with p.s.c. [4] and without s.c. [3] had little 
explanatory power, simply being respectively correlated 
with the measures inactivity with p.s.c. [2] and exploration 
[8]. Locomotion alone represented the 3rd factor, and is 
considered independent. 


Cos sham~— grafted controls 
cc sham grafted “dwarf' 
cd grafted “dwarf” 


body weight increase (%o) 





2 4 6 . 10 12 
weeks after surgery 

FIG. 1. Body weight increase (%+SD) from 2 to 12 weeks after 

surgery in sham-grafted control, sham-grafted dwarf and ectopic 

pituitary grafted dwarf mice. 


These results led us to consider further only 2 of the origi- 
nal 9 measures: inactivity with p.s.c. [2] and exploration [8]. 
Figures 2 and 3 illustrate the frequency of occurrence over 
time of these two behaviors. 

With regard to inactivity with p.s.c. (Fig. 2), there were 
significant differences between the 3 groups at all stages of 
the study. The sham-grafted controls never exhibited the 
inactivity with p.s.c., contrary to sham-grafted mutants, for 
which it was the most frequent behavior (50.08%), see Table 
2B). Grafted mutants, like sham-grafted mutants, showed a 
high level of inactivity with passive social contact until fif- 
teen days after surgery (30.96%); at this moment, an impor- 
tant change occurred, bringing the level of the behavior in 
grafted mice very rapidly down to that of controls (0%). 

The results for exploration (see Fig. 3) also reveal signifi- 
cant differences between the three groups of animals 
throughout the period of observations. Sham-grafted con- 
trols exhibited a very high level of exploration (44.58%). It 
was the behavior most frequently observed in these 
animals (see Table 2B). On the other hand, sham-grafted 
dwarfs showed a very low level of exploration (3.59%). 
Grafted mutants, like sham-grafted mutants, explored little 
until fifteen days post surgery (8.91%). At this time, a con- 
siderable change occurred, with grafted mutants very 
quickly reaching the level of controls (48.07%). 

The mean frequencies of occurrence for the 9 behavioral 
variables, presented in Table 2B, confirm the results of the 
factorial analysis. 


DISCUSSION 


The results of the present experiment are in agreement 
with Bartke’s work [1,2] and confirm our earlier results [7] 
concerning the growth-promoting effect of ectopic pituitary 
grafts in Snell Dwarf mice. They also show that body weight 
increases in grafted mutants are more marked than in sham- 
grafted mice from the second until the tenth week after 
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TABLE 2 


FACTORIAL ANALYSIS OF CORRESPONDANCES (A)* AND MEAN FREQUENCIES (+SD) OF OCCURRENCE FOR THE 9 
BEHAVIORAL MEASURES (B)t 





A. Factorial analysis of correspondances 
Behavioral 


measures Ist factor 2nd factor 3rd factor 


B. Mean frequencies of occurrence of the behavioral measures (%) 


Sham-grafted 
controls (day 5 
to 34, 44 
after surgery) 


Sham-grafted 
dwarfs (day 5 
to 34, 44 
after surgery) 


Grafted dwarfs 
(day Sto 15 (day 16 to 34, 44 
after surgery) after surgery) 





(1) Inactivity (0.080) 0.8 
without S.C. 
(2) Inactivity 
with P.S.C. 
(3) Grooming 
without S.C. 
(4) Grooming 
with P.S.C. 
(5) Feeding 
without S.C. 
(6) Feeding 
with P.S.C. 
(7) Locomotion 
(8) Exploration 
(9) Active social 
contact 


(0.271) 11.4 (0.060) 3.2 


(0.934) 57.1 (0.039) 10.6 (0.018) 6.2 


(0.440) 6.2 (0.219) 13.6 (0.133) 10.5 


(0.500) 8.0 (0.057) 4.0 (0.057) 5.0 


(0.049) 0.6 (0.470) 23.5 (0.001) 0.1 


(0.021) 0.1 (0.054) 1.2 (0.003) 0.1 
(0.000) 0.0 
(0.744) 25.3 


(0.176) 2.0 


(0.000) 0.0 
(0.233) 34.9 
(0.015) 0.7 


(0.776) 50.3 
(0.003) 0.5 
(0.379) 24.2 


8.53 (5.32) 8.91 (8.35) 2.42 (2.33) 4.93 (6.07) 


50.08 (23.33) 30.96 (23.41) 0.00 (0.00) 0.00 (0.00) 


9.66 (7.72) 20.39 (17.75) 20.56 (9.73) 32.56 (11.69) 


(6.56) 8.91 (6.86) 0.00 (0.00) 0.00 (0.00) 


(2.76) (5.09) 11.37 (9.28) 8.47 (8.52) 


(0.59) (1.67) 0.00 (0.00) 0.00 (0.00) 
(8.49) 
(4.82) 


(3.29) 


(8.38) 
(9.52) 
(1.50) 


15.05 (5.99) 
48.07 (14.92) 
2.50 (4.35) 


2.68 (2.60) 
44.58 (17.12) 
6.75 (5.30) 





*Values are squared cosinus between the factorial axis and the centre of gravity of the parameter in parentheses and the absolute 


contribution of the parameter to the explanation of the axis (%). 


+The mean frequencies are calculated over the 31 days of observation in sham-grafted animals. Given the effect of grafts on the behavioral 
measures (2) and (8) beginning from the 16th day after surgery, the mean frequencies were successively calculated over the first 11 days of 
observation (day 5 to 15 after surgery), then the last 20 days (day 16 to 34, 44 after surgery) in the grafted dwarf mice. 


INACTIVITY WITH PASSIVE SOCIAL CONTACT 
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FIG. 2. Time course of inactivity with passive social contact in sham-grafted control, sham- 
grafted dwarf and ectopic pituitary grafted dwarf mice over one month after surgery, 


@p<0.05; @@p<0.01; @@@p<0.001. 


surgery. It should be emphasized that this increase in body 
weight occurs at an age when body weight increase is almost 
over in controls. 

It is conceivable that increased body weight in the grafted 
animals results primarily from prolactin. It has been demon- 
strated repeatedly that anterior pituitary tissue secretes 
considerable amounts of prolactin when transplanted to a 
body site remote from the hypothalamus [3,35]. Gittes and 
Kastin [21] point out the unlikelihood of residual secretion of 
small amounts of material initially contained in the trans- 


plants being a significant factor in the long-term. Although 
normal mouse pituitary does contain significant amounts of 
extractable growth hormone [5], its half-life in the circula- 
tion, measured by immunoassay, is only a few minutes [33], 
and grafts do not secrete growth hormone beyond 4 days 
after implantation [27], unless given a ‘‘releasing’’ agent as 
shown in rats [27,28]. Elsewhere the growth-promoting fac- 
tor of prolactin was widely demonstrated in dwarf mice [2, 
23, 24] as well as in intact rats [4,31]. 

The main finding of the present experiment is that ectopic 
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EXPLORATION 
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FIG. 3. Time course of exploration in sham-grafted control, sham-grafted dwarf and ectopic 
pituitary grafted dwarf mice over one month after surgery, @p<0.05; @@p<0.01: 


@0@) <0.001. 


pituitary homografts are able to induce important, stable and 
durable behavioral changes in dwarf mice in free-behavior 
situations. We have found that the grafts specifically influ- 
enced only 2 out of 9 selected behavioral measures: inactiv- 
ity with passive social contact, and exploration. Each of 
these behaviors was permanently affected beginning from 
the 16th day after surgery. In addition, the behavioral 
changes accompany increased body growth. The results 
show that the grafts cause the total disappearance of inactiv- 
ity with passive social contact, which is the category most 
often observed in dwarf mice between 1830 and 1900 hr. This 
category is replaced only by exploration, which is the most 
frequently observed behavior in control animals; the treat- 
ment restored this behavior completely. 

The present experiment did not reveal the excessive 
grooming reported by Drago et al. [14,15] between 12 and 26 
days after surgery in intact rats with ectopic pituitary grafts. 
Is there really a hyperprolactinaemia in grafted mutants, or 
simply a recovery of the level of prolactin production? On 
the basis of our results the second possibility seems the more 
likely, since the grafts only stimulated a recovery of function 
and never an exaggeration of a behavior. 

The literature appears to attribute most of the effects of 
ectopic pituitary grafts to prolactin, based on hypophysec- 
tomized animals [21,27]. This interpretation does not appear 
to agree entirely with our model, since the grafted mutant 
still has its own pituitary in place. While the original pituitary 
may function subnormally [12 32], it nevertheless weakly 
stimulates the thyroid gland, which in turn secretes small 
amounts of thyroxine [37]. The hypothesis of growth hor- 
mone produced by grafts cannot be totally excluded by our 
model. Peng et al. [30] have in fact shown that anterior pitui- 


tary transplants underneath the renal capsule can synthesize 
and secrete growth hormone, as can grafts placed under the 
median eminence if thyroxine is given daily. The extent of 
the body weight increases recorded in grafted mutants is in 
agreement with this hypothesis. Such an increase has never 
been mentioned for hypophysectomized rats with several 
transplants [21]. According to Gittes and Kastin [21], body 
growth is proportional to the logarithm of the number of 
implants, each ectopic pituitary secreting a fixed quantity of 
somatotrophic substances. Ten weeks after surgery, rats 
with 30 implants gain 96% of the weight of hypophysec- 
tomized controls [21]; over the same period of time, dwarf 
mice with only 2 transplants gain 135% of the weight of 
sham-grafted dwarfs. 

Elsewhere, Drago et a/. have shown that neither retention 
of passive avoidance [16] nor exploratory behaviors [19] ap- 
pear to be affected by ectopic pituitary homografts. How- 
ever, the same treatment totally restores these two behav- 
ioral functions in mutant dwarfs [7]. Could this divergence of 
results be due to a difference at the level of growth hormone 
production? 

Study of endocrine correlates of behavioral recovery in 
mutants following ectopic pituitary grafts is indicated. In the 
light of the present results, it would be of interest to use 
hormonal manipulations at 3 stages: in the days immediately 
after the transplants, and at 16 and 30 days after transplant. 
Furthermore, specific hormonal treatment using prolactin, 
growth hormone and thyroxine, either separately or in com- 
bination as biochemical manipulations, would allow us to 
determine the hypophyseal hormones and/or the growth fac- 
tors [25] involved in these behavioral and morphological 
changes. 
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VAN LUIJTELAAR, E. L. J. M. AND A. M. L. COENEN. Electrophysiological evaluation of three paradoxical sleep 
deprivation techniques in rats. PHYSIOL BEHAV 36(4) 603-609, 1986.—Three different techniques were used to study the 
effects of 72 hr deprivation of paradoxical sleep on percentages total sleep, light slow wave sleep, deep slow wave sleep and 
paradoxical sleep during deprivation and recovery periods in rats. The paradoxical sleep deprivation methods used were 
the classical platform, the pendulum and the multiple platform techniques. The different groups were continuously re- 
corded over a base-line day, three deprivation days and four recovery days. All three groups showed clear suppression of 
paradoxical sleep throughout the deprivation period, although small differences between the pendulum and the multiple 
platform technique emerged. The distribution of sleep across the day and the amount of deep slow wave sleep were affected 
differently. Besides an exception immediately after deprivation, no important differences were detected on the recovery 
days. The recovery is characterized by an immediate rebound of paradoxical sleep, completed within two days, as well as 
rapid re-normalization of sleep percentages. A small rebound of deep slow wave sleep was recorded at the end of the dark 
period during the first three recovery days. Various sleep and non-sleep related variables of the PS deprivation techniques 
are discussed. It is improbable that the platform-pendulum controversy is due to differences in the amount of PS depriva- 
tion or the other sleep parameters measured here. Rather it looks as though non-specific platform effects override the 


effects of PS deprivation. 


Paradoxical sleep Paradoxical sleep deprivation 


Rebound sleep 


Pendulum Platform 


Recovery sleep 





AN assortment of behavioural studies have appeared on the 
consequences of instrumental deprivation of paradoxical 
sleep (PS) (see e.g., [2, 3, 5, 8, 10-12, 15-16, 20, 23-27, 29, 
30]). Until recently, most of these have been implemented 
using the platform technique [9]. In this, rats are placed on 
small platforms surrounded by water, where the size of the 
island determines the extent of body muscular relaxation. On 
small islands the occurrence of PS is prevented by the mus- 
cular atonia accompanying PS onset so that the body comes 
in contact with the water which awakens the animal. Larger 
supports permit more relaxation and thus more PS. Current 
theories on the function of PS are almost exclusively based 
on experiments employing this technique [4, 17, 30]. 

It has been questioned, however, whether large platforms 
provide real controls for all possible side effects [30]. Further 
doubt about the validity of the platform technique arose 
when it was shown that different PS deprivation techniques, 
such as the arousal technique [10,11], the pendulum tech- 
nique [22], or a combination of the platform and an arousal 
technique [16], resulted in different effects on subsequent 
behaviour. This discrepancy in results has given rise to the 
so-called platform-pendulum controversy. A solution to the 
question of which technique is the more valid is clearly im- 
portant to further studies in this area. 





Although both the pendulum and the small platform 
technique have been electrophysiologically evaluated [13, 
14, 22], a direct comparison of their PS inhibiting efficiency 
is still lacking. Furthermore, it is not known whether slow 
wave sleep is equally present under the different techniques. 

Little is known about the duration of the PS rebound and 
other possible compensation phenomena. The rebound sleep 
following pendulum PS deprivation has only been measured 
during a 3 hr period [22] and it is easily possible that the 
techniques differentially affect the rebound sleep and that 
this factor contributes to the earlier mentioned controversy. 

Recent authors [1,7] have emphasized the usefulness of a 
finer discrimination within the rat’s slow wave sleep and it is 
again possible that different PS deprivation techniques will 
differently affect light slow wave sleep (LSWS) and deep 
slow wave sleep (DSWS) during and after PS deprivation. 

In earlier studies [3,23] it was shown that the platform 
technique could be improved by eliminating movement re- 
striction as a confounding variable. The new method used 
however, the multiple platform, has not yet formed the sub- 
ject of an electrophysiological validation study. A multiple 
platform group has therefore been included in the following 
experiment, where amounts of total sleep (TS), LSWS, 
DSWS and PS are compared for the classical platform, the 


‘Requests for reprints should be addressed to E. L. J. M. van Luijtelaar, Department of Psychology, P.O. Box 9104, 6500 HE Nijmegen, 


The Netherlands. 
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pendulum and the multiple platform technique during a base- 
line day, a 3 day deprivation, and a 4 day recovery period. 


METHOD 


Eighteen young male Wistar rats from the Cpb: Wu strain 
[6] aged 5-8 months, body weight 340-420 g, were housed in 
pairs in standard Macrolon cages. They were kept in a quiet 
room with an ambient temperature of 19-21°C and main- 
tained on a 12-12 light-dark cycle with white lights (500-600 
lux) on at 3.30 and dim red lights (2-3 lux) on at 15.30. 
Tripolar hippocampal EEG and bipolar nuchal EMG elec- 
trodes (Plastic Products Company, MS 333/2-A and MS 
303/71 respectively) were implanted under complete pen- 
tobarbital anesthesia. Details of the operation were de- 
scribed earlier [28]. After surgery the rats were individually 
housed and allowed to recover for a minimum period of one 
week to acquaint themselves with the recording leads. Dur- 
ing this habituation period, threshold values necessary for 
sleep classification were obtained. The animals were then 
left undisturbed for another day, followed by an experi- 
mental period starting at dark onset and continuing for eight 
days and nights, during which EEG (1-70 Hz) and EMG 
(27-700 Hz) recordings were made continuously. After a 
base-line period (1 day), the eighteen rats were divided in 
three groups of six: the classical platform, the pendulum and 
the multiple platform group. All rats were PS deprived for 3 
days. During the last four days the recovery sleep was meas- 
ured. 

The pendulum technique for PS deprivation has been de- 
scribed in detail elsewhere [22]. In brief: three rats in their 
homecages are placed in a slowly moving swing which 
produces regular and continuous postural imbalance and 
subsequent awakening at the two extremes of oscillation. 
This permits brief periods of slow wave sleep but prevents 
PS. Control rats are placed in an identical device but ad- 
justed so as to fall short of actual imbalance [22]. 

PS deprivation with the platform is achieved by placing a 
rat on a flowerpot (diameter 6.2 cm) placed upside down in 
the middle of a watertank (diameter 33 cm). The water 
reaches up to | cm below the protruding surface of the pot. 
In the multiple platform method, six additional flowerpots 
surround the one in the middle. Watertanks are covered with 
a lid to prevent escape. Food and water was continuously 
available to all rats throughout the experiment. 

The electrophysiological signals were continuously fed 
into an automatic sleep stage classification system [28]. 
Briefly, the automatic analysis is carried out on a PDP 11-03 
microcomputer. Every 5 sec decisions are taken as to the 
rat’s present sleep state. The EEG signals are presented to a 
bank of 20 parallel bandpass filters, covering the 2-28 Hz 
range. These filter outputs are sampled and Analog-Digital 
converted 20 times per sec, averaged so that a mean spectro- 
gram is obtained every 5 sec. Indices are calculated from this 
mean spectrogram and these, taken together with an EMG 
index, are used for the decision routine. In this way it is 
possible to discriminate between wakefulness, LSWS, 
DSWS and PS. 


Data Analysis 


To begin with, the TS, LSWS, DSWS, and PS percent- 
ages of total time were calculated for 2 hr blocks to provide a 
detailed description over the 24 hr day and night period. 
Differences between the three techniques were unvariately 
assessed through an analysis of variance taking techniques 
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as factor. Where significant, these were further analysed 
using the conservative post-hoc test of Scheffé; a signifi- 
cance level of 0.05 was used throughout. Bear in mind that 
occasionally a significant treatment effect turns up, which is not 
necessarily meaningful in light of the high number of statisti- 
cal tests. Only when differences between groups occur sys- 
tematically and regularly do they deserve serious considera- 
tion. In fact, the long term experiment calls for a repeated 
measures analysis of variance. However, even after trans- 
formation, the basic assumptions [31] of homogeneity in the 
population covariance matrix and of compound symmetry 
were violated. 

Orthogonal trend analyses per day were used (a) to show 
trend differences in sleep parameters between the depriva- 
tion techniques on a specific day in the daily distribution of 
sleep and (b) to reveal the influence of different techniques 
on the day’s total amount of TS, LSWS, DSWS, and PS. 
Where no or only slight differences emerged, the data of the 
three groups were pooled so as to yield a more detailed pic- 
ture of the daily distribution of sleep, as has been done dur- 
ing the base-line day and the complete recovery period. 

Finally, for each PS deprivation technique, differences 
between the 2 hr block sleep percentages and the comparable 
base-line value were univariately tested (days as factor). 


RESULTS 
Base-Line Day 


Percentages for the various types of sleep over all eight 
days are shown in Fig. 1, while the pooled data are presented 
in Fig. 2. All three groups slept more during the light than 
during the dark (active) period, showing a peak in DSWS at 
the beginning of the light period, Fqua(1,15)=57.8, p<0.001. 
Besides this, all sleep stages, including PS, exhibit a highly 
significant linear trend which accounts for a substantial part 
of the daily variation in sleep; these statistics are given in 
Table 1. As expected, there were no sleep percentage differ- 
ences between the three groups on the base-line day, except 
for PS in the third block during dark period, 
F(2,15)=3.88, p<0.05, where the multiple showed more PS 
than the classical platform group. 


Deprivation Days 


In all groups PS was significantly reduced during almost 
all 2 hr blocks of the whole deprivation period, as indicated 
by the arrows in Fig. 1. During the first deprivation day the 
pendulum group showed a more constant depression of PS, 
while for the platform groups an increase appeared during 
the last hours of the light phase. This was statistically con- 
firmed by differences between the three deprivation tech- 
niques with respect to trend components, Flin(2,15)=8.57, 
p<0.01; Fqua(2,15)=3.74, p<0.05, and by technique effects 
at the fifth and sixth 2 hr block of the light period, 
F(2,15)=3.87, p<0.05; F(2,15)=6.27, p<0.01. The pendulum 
group showed less PS than the two combined platform 
groups in the fifth block, as well as less PS than both the 
classical and multiple platform groups during the sixth block. 

Another technique effect, now for the total amount of PS 
through the whole second deprivation day, was noticed, 
Ftot(2,15)=4.58, p<0.05: the multiple platform showed more 
PS than the pendulum group. Analysis of the single 2 hr 
blocks on this second day showed technique effects on the 
fourth, F=4.71, p<0.05 and fifth, F=4.19, p<0.05, block of 
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FIG. 1. Mean percentage TS, LSWS, DSWS and PS for the base-line day, the three deprivation days and the four recovery days for (a) the 


classical platform technique (b) the pendulum technique and (c) the multiple platform technique. Differences with base-line scores are 
indicated by arrows. 
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FIG. 2. Mean percentage TS, LSWS, DSWS and PS for the pooled data of the base-line day and 
the four recovery days. Differences with base-line scores are indicated by arrows. 
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TABLE 1 
DESCRIPTION OF DAILY VARIATION OF SLEEP IN TERMS OF ORTHOGONAL TREND COMPONENTS 





Base-line Rec 1 


Rec 2 Rec 3 Rec 4 
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F tests for orthogonal trends for pooled base-line and recovery data: df 1,15; significant trends at p<0.05*; 


p<0.017; p<0.0014. 


% is the percentage variation explained by the specific trends. Although there were more significant higher order 
trends, they explained seldom more than 10% of the variation. 


the dark and the second, F=6.74, p<0.01), third, F=3.76, 
p<0.05, and fourth, F=8.34, p<0.05, block of the light 
period (all dfs are 2,15). In most cases the pendulum group 
revealed less PS than the multiple platform group. On day 3 
technique effects for PS were scarce: only at the beginning of 
the light period, F(2,15)=3.71, p<0.05, with no significant 
post-hoc differences. There was a technique effect for 
DSWS on all three deprivation days at the beginning of the 
light period, F’s(2,15) were respectively 8.30, p<0.01; 14.0, 
p<0.001; 16.2, p<0.001. At this time on day | the pendulum 
produced less DSWS than the multiple platform group, while 
on days 2 and 3 the classical platform and the pendulum 
showed less DSWS than the multiple platform group. On all 
three deprivation days comparisons with base-line sleep per- 
centages again show that at this time of day the pendulum, 
Fday1=17.1, p<0.01; Fday2=18.89, p<0.001; Fday3=25.5, 
p<0.001 and classical platform group, Fday!=14.0, p<0.01; 
Fday2=11.38, p<0.01; Fday3=18.43, p<0.001; all df’s(1,10) 
yield less DSWS. Also, during the second 2 hr block of the 
light period on deprivation day 2, the pendulum group 
showed less DSWS than during the base-line day, 
F(1,10)=6.25, p<0.05. Technique effects for DSWS were 
also found for the orthogonal trends (day 2: 
Feub(2,15)=7.92, p<0.01; day 3: Flin(2,15)=3.71, p<0.05; 
Fcub(2,15)=3.99, p<0.01, and on day 3 for the total amount 
of DSWS, Ftot(2,15)=4.06, p<0.05. This last case mainly 
results from a difference between the pendulum and the 
multiple platform group during the light period: during this 
period four out of the six 2 hr blocks showed a technique 
effect, all F’s(2,15)>4.68, p<0.05. Post-hoc tests revealed 
that the pendulum group always showed less DSWS than the 
multiple platform group. 

LSWS became almost extinguished from the very start of 
the deprivation period, but returned faster in the pendulum 
group than in the platform groups: technique effects were 
found in the second and third 2 hr block of the first dark 
period, F(2,15)=4.38, p<0.05; F(2,15)=9.00, p<0.01. Later 
on the same day the classical platform showed more LSWS 
on the fifth and sixth 2 hr block of the light period, F’s(2,15) 
were 3.87, p<0.05 and 5.62, p<0.01, than the pendulum and 
multiple platform group respectively. On the second day 
there was a technique effect for the linear trend of LSWS, 
Flin(2,15)=6.40, p<0.01, and more LSWS at the third 2 hr 


block of the dark period, F(2,15)=5.86, p<0.01, for the pen- 
dulum than for the multiple platform group. On the third day 
a systematic technique effect was discovered in four out of six 
blocks during the dark period, all F’s(2,15)>3.82, p<0.05. 
However, in contrast to most earlier comparisons, the post- 
hoc tests showed more LSWS for the pendulum group than 
for either the multiple platform or combined platform 
groups. 

Finally , technique effects were found for TS for the linear 
trend on the first two deprivation days, Flin(2,15)=5.32, 
p<0.05; Flin(2,15)=6.54, p<0.01. On the second day TS 
showed technique effects at those times of day when LSWS 
and DSWS were already affected: the third 2 hr block in the 
dark phase, F(2,15)=5.22, p<0.05, when the pendulum 
showed more TS than the classical platform group, and at 
light onset, F(2,15)=3.87, p<0.05, when the multiple plat- 
form got more sleep than the pendulum group. 


Recovery Days 


The start of the recovery period showed a technique ef- 
fect for DSWS, F(2,15)=14.0, p<0.001, for LSWS, 
F(2,15)=7.47, p<0.01, and for TS, F(2,15)=7.59, p<0.01. 
All sleep percentages were higher for the pendulum than for 
the platform groups. 

Comparisons with base-line scores showed an immediate 
rebound in the first dark period in all groups (Fig. 1). Tech- 
nique 2ffects for PS were scarce and could only be found 
during the first two blocks of the first light period, F’s(2,15) 
were 9.71 and 7.24, p’s <0.01. In the first block the pen- 
dulum group showed more PS than the classical, in the sec- 
ond block more than both the classical and the multiple 
group. Much later, on the fifth light block of day 4, a final 
technique effect for PS appeared, F(2,15)=4.31, p<0.05, the 
pendulum yielded more PS than the classical platform. 

With the above exception, no technique effects for DSWS 
occurred on any day. Comparisons with the base-line day, 
however, showed a rebound of DSWS at certain times of 
day. The classical platform group showed increased amounts 
of DSWS on the first three recovery days, F’s(1,10)>4.78, 
p<0.05, always just prior to the peak in DSWS seen under 
undisturbed conditions. The multiple group showed an iden- 
tical phenomenon on the first two recovery days, 
F’s(1,10)>5.70, p<0.05. 
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With very few exceptions there were no technique effects 
and no trend differences apparent with any of the sleep 
types. On the first recovery day an effect for TS at the be- 
ginning of the light period was detected, F(2,15)=3.86, 
p<0.05, due to more TS for the pendulum group than for 
both platform groups. Also a technique effect on the linear 
trend for LSWS appears, Flin(2,15)=4.43, »<0.05; this is on 
day 2 at the last block of the dark period, F(2,15)=7.08, 
p<0.01, when the multiple platform showed less LSWS than 
the two other groups. Finally, on day 3 a technique effect for 
TS occurs at the fifth light block, F(2,15)=5.44, p<0.05, due 
to more sleep for the classical than the multiple platform 
group. 

In view of the negligible technique effects during the four 
recovery days, results were pooled as under base line condi- 
tions. Comparisons of the pooled data show that the rebound 
of PS is complete within two days and that DSWS always 
rebounds at the same time of day. Significant differences 
with the base-line day are indicated by arrows in Fig. 2. 


DISCUSSION 


All three techniques substantially almost equally reduced 
PS throughout the deprivation period, but differences also 
emerged. Specifically, the pendulum PS deprived rats re- 
ceived less PS than the multiple platform group on depriva- 
tion day 2. Furthermore, while for both platform groups the 
daily variation in PS continued, this seemed less the case for 
the pendulum group. While for the two platform groups the 
percentage of TS varied with light-dark changes, the pen- 
dulum group showed less contrast in the amounts of sleep 
during the light and dark period. The sleep percentage was 
relatively constant throughout the whole deprivation period. 
The difference with the two platform conditions implies that 
this phenomenon is restricted to the pendulum technique. 
There is also more LSWS for this group than the platform 
groups in the dark period of the last deprivation day. Perhaps 
this indicates some compensation for the inevitable loss of 
slow wave sleep. In the pendulum condition the time be- 
tween the two extremes of oscillation is relatively short, 
especially during the third deprivation day, and this may be a 
reason that there is less DSWS and more LSWS. 

During the base-line day no differences between the three 
groups were found. All showed relati\ ly little sleep during 
the dark period and slept more during the light phase. The 
increase in DSWS at the beginning of the light period is well 
known [1,18,28] and is analogous to results obtained with 
humans and dogs. PS tends to increase during this period, a 
fact not generally reported except, when PS is expressed as a 
percentage of total sleep time [1]. 

Another interesting finding was the disappearance of the 
DSWS peak at light onset on all three deprivation days for 
the pendulum and the classical platform group (the peak 
seems to shift towards a later phase in the light period on the 
first two days), but not for the multiple platform group. A 
common factor must be responsible for or contribute to the 
latter result. A possible explanation might be that differences 
in the amount of stress experienced during PS deprivation on 
one hand between pendulum and classical platform, on the 
other hand for the multiple platform, are responsible. In a 
recent study [3] no differences in stress were noticed be- 
tween the classical platform and pendulum group, while less 
stress was registered for the multiple platform group. These 
results suggest that stress is responsible for the disappear- 
ance of the DSWS peak. 
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The rebound period is characterized by two striking fea- 
tures. First of all, technique differences occur immediately at 
the beginning of the first dark period in TS, LSWS and 
DSWS. The sleep latency for the pendulum group seems 
shorter than for the platform groups, which is not surprising 
since they remain in the same cage. This is in contrast to the 
platform rats which re-explored their original homecages, 
showing much activity such as ambulation, exploration and 
grooming. 

The second feature is the almost complete absence of 
differences in the percentages of sleep throughout the four 
recovery days. Differences appearing during deprivation do 
not reflect themselves during the recovery phase. This im- 
plies that within the borders of the present differences, the 
recovery sleep, as measured here, is a poor indicator of sleep 
patterns occurring during the deprivation period. The fast 
return to the base-line sleep percentages including the DSWS 
peak and to the base-line trend components points toward a 
quick re-normalization of sleep. As described, the recovery 
sleep data were pooled to provide a more reliable picture of 
the recovery process. Both the individual techniques and the 
pooled data make it clear that PS rebound starts im- 
mediately. While the individual treatments give a more con- 
servative view on the duration of the rebound, the pooled 
data show its completion within two days. This is in close 
agreement with the results of Morden et al. [14], who re- 
ported a return for the day’s total PS to nearly base-line 
levels by the third recovery day. These authors remark that 
this is the same with 72 hr or 144 hr deprivation, and inde- 
pendent of the platform technique used alone or in combina- 
tion with the arousal-when-PS-occurs method. 

A small rebound of DSWS, for which the platform groups 
are responsible, takes place during the first three recovery 
days, always at the same time of day, just prior to light onset. 
Under undisturbed sleep conditions, there is a peak in 
DSWS at the beginning of the light period. Since the rebound 
of DSWS does not occur at this time of day, a “‘limiting”’ or 
‘*plateau”’ effect for DSWS is suggested. 

The main purpose of the present experiment was to exam- 
ine whether differences in PS during deprivation and re- 
covery sleep are responsible for the conflicting behavioural 
results following platform and pendulum PS deprivation [2, 
3, 23-27, 29]. However, in view of the absence of major 
differences in PS deprivation and during the recovery sleep 
between classical platform and pendulum results, it is un- 
likely that PS deprivation per se is the main cause of the 
behavioural differences observed. Factors other than PS 
deprivation must be involved. Possible candidates might be 
the change in distribution of sleep across the 24 hr period or 
the disappearance of the DSWS peak. It is, however, dif- 
ficult to see how these relatively minor differences can ac- 
count for the large behavioural differences. Another factor, 
suggested by G. Vogel (personal communication), is the 
number of arousals. It is reasonable to assume that the 
number of arousals is far greater in the pendulum than in the 
platform situation. The pendulum apparatus arouses the rats 
every time at the most extreme horizontal position of each 
swing and this implies that the animals are aroused very 
frequently. To date, there are no quantitative data on the 
number of short arousals since the automatic scoring system 
does not recognize all types of arousals due the epoch 
lengths of 5 sec. With respect to the platform technique only 
one incidental remark is found in Kovalzon and Tsibulsky’s 
paper [11]. They reported that during the fourth day of a 96 
hr PS deprivation with the small platform, the number of 
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TABLE 2 


TOTAL DAILY PERCENTAGES PS AND SWS (LSWS AND DSWS) OF THE TOTAL TIME OF THE CLASSICAL, THE 
PENDULUM AND THE MULTIPLE PLATFORM GROUP (n=6) ON ALL EIGHT RECORDING DAYS 





Base-line Dep | 


Dep 2 Dep 3 Rec I Rec 2 Rec 3 Rec 4 





Classical Platform 8.6 0.8 
Pendulum 10.0 0.9 
Multiple Platform 9.0 


SWS Classical Platform 38.2 
Pendulum 37.0 


Multiple Platform 37.9 


1.8 2.8 20.8 12.3 : 8.4 
0.9 2.3 Ys Be | 13.3 : 10.5 
3.1 3.2 20.3 12.0 , 9.0 


34.7 30.7 37.5 40.8 5 40.0 
33.5 31.8 41.9 36.7 ‘ 39.3 
34.0 33.6 40.4 37.8 . 38.9 





awakenings was several hundreds. It is possible that the 
considerable number of awakenings produced by the pen- 
dulum technique, which fairly exceeds the number of awak- 
enings or arousals for the platform, leads towards tiredness 
or sleepiness. From two sources [19,21] evidence is present 
showing that in humans a large number of arousals causes 
excessive sleepiness without affecting total sleep time or 
other sleep variables. Fragmentation of sleep in the pen- 
dulum apparatus may cause sleepy rats and indeed explain 
that rats perform less excessive than in the platform situa- 
tion: i.e., they do not show increased intracranial self- 
stimulation, locomotor activity and such an enhanced 
swimming behaviour [26, 27, 29]. 

There are five arguments against this ‘sleepiness’ hypoth- 
esis. First, the number of awakenings necessary to induce PS 
deprivation by electrical stimulation of the reticular forma- 
tion matches that of the platform technique [11]. However, 
when this PS deprivation was applied, no changes in locomo- 
tor activity as well as in self-stimulation were found. The 
second argument comes from the work of Oniani [16]. He 
found detrimental effects of platform PS deprivation on pas- 
sive avoidance, but these effects disappeared when long- 
term platform PS deprivation was followed by 6 hr hand 
awakening if PS occurs. This implies that negative platform 
effects fade away with time. Perhaps the strongest argument 
can be derived from work of our own group with a shuttle- 
box avoidance task [24]. While platform rats show a poor 
performance in a two-way active avoidance task, pendulum 
deprived rats show a perfect avoidance undistinguishable 
from control groups. While platform rats initially show nor- 
mal learning, after 20 trials they start showing sleep pre- 
paratory behaviours [24]. This was much more noticed in the 
platform groups than in the pendulum group, while a ‘sleepi- 
ness’ hypothesis had predicted exactly reversed results both 
for avoidance learning and sleep preparatory behaviours 
[24]. 

Furthermore, it is highly presumable that sleepiness de- 
creases arousal. But van Hulzen and Coenen [25] found that 
after treatment with the pendulum the amplitude of the 
evoked potentials was more diminished than after platform 
treatment. They interpreted this as higher ‘tonic arousal’ for 
pendulum compared to platform treated rats. Finally, the 
sleepiness hypothesis would predict an increased intensity 
of SWS during the recovery period for the pendulum group 
compared to either base-line or platform groups. However, 
little of this was found. On the contrary, both platform 
groups showed a rebound of DSWS at the end of the dark 
period. Until more conclusive evidence is available on the 
important issue on the number of awakenings and about 


possible differences in sleepiness, definite answers cannot be 
given. Nevertheless, based on the lack of behavioural 
changes with the pendulum and strengthened by the above 
cited data, we are currently inclined to think that non- 
specific platform effects are responsible for the behavioural 
changes commonly found after platform PS deprivation. De- 
spite several attempts [2, 3, 23], no single factor has yet been 
identified which could explain the conflicting behavioural 
results. An uncertain factor might be body temperature. Al- 
though both the pendulum and the classical platform groups 
showed hyperthermia during PS deprivation, this was fol- 
lowed by hypothermia for exclusively the small platform [2]. 
Whether this factor can explain the discrepant behavioural 
results is a matter of further research. Until the problem of 
conflicting results has been solved, studies employing only 
the platform technique will have to be carefully interpreted. 
Bearing this in mind, the present results show also that the 
multiple platform is superior to the classical platform in the 
sense that the DSWS peak continuous unabated during dep- 
rivation and obviates immobilization stress [3]. 

The present data extend and confirm earlier studies in 
which EEG’s were taken from rats on small supports. To 
allow comparisons with other groups the overall sleep per- 
centages per day are given in Table 2. These figures also 
agree with the van Hulzen and Coenen [22] study where 
similar PS percentages were found for the pendulum tech- 
nique during the deprivation period. It can be inferred from 
this table that about 74% of the missed PS has been re- 
covered. 

In conclusion it can be said that all three PS deprivation 
techniques examined here produce clear and significant 
deprivation levels, with the pendulum slightly more effective 
than the multiple platform. With respect to the selectivity of 
the three techniques, the overall percentage SWS shows 
hardly any technique differences, but if time of day is in- 
cluded and LSWS and DSWS are distinguished, clear tech- 
nique differences emerge. During rebound sleep very few 
technique differences are found. PS rebound occurs im- 
mediately and other sleep percentages quickly return to 
normal, excepting DSWS, which rebounds at a specific time 
of day. 
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ZHURAVIN, I. A. AND J. BURES. Operant slowing of the extension phase of the reaching movement in rats. PHYSIOL 
BEHAV 36(4) 611-617, 1986.—Motor learning was studied in rats (n=8) trained to slow down the forepaw extension while 
reaching into a narrow tube equipped with an axially moving piston. The photoelectrically monitored velocity of the 
movement between points P1, P2 and P3 (13.0, 15.1 and 17.3 mm from tube entrance) was evaluated with a laboratory 
computer which also plotted distributions of the corresponding time intervals and delivered food pellets whenever the time 
interval between PI and P2 exceeded a preset threshold value (Group I). The additional condition of attaining P3 was 
required in Group II. Marked prolongation of the P1-P2 interval required about 20 sessions of 512 reaches in Group I and 27 
to 30 sessions in Group II. The rats prolonged the P1-P2 interval in two ways: (a) By generating movements the amplitude 
of which oscillated around the P2 level and thus exposed the P2 sensor to the slow terminal part of the movement; (b) By 
true velocity decrease in the middle part (P1-P2) of the movements attaining the level P3. It is concluded that reaching is a 
highly stereotyped instrumental reaction, the pattern of which is not easily modified by operant conditioning. Substantial 
slowing (2 times) of the ballistic extension phase of long reaches probably reflects programmed coactivation of the 


antagonist. 


Motor learning Ballistic movement 


Forepaw preference 





ACQUISITION of motor skills interests students of operant 
conditioning and neurophysiologists concerned with the 
neural mechanisms of motor learning, reflecting appearance 
of motor programs. From this point of view a motor program 
is equivalent to a memory, the nature of which is known 
better, however, than the nature of the memory traces under- 
lying other types of learning. This is particularly true in the 
case of simple movements, the modification of which can 
serve aS a convenient model for research into the mech- 
anisms of neural plasticity. 

While motor learning is usually studied in man and mon- 
keys [2], there is a growing tendency to analyze the basic 
aspects of the problem in lower animals, which would allow 
large scale use of pharmacological, electrophysiological and 
neuroanatomical techniques. Reaching-for-food into a nar- 
row tubular feeder is an example of a discrete skilled move- 
ment performed by rats and widely used in neurophys- 
iological [3,19], electrophysiological [5,15,17], and neuro- 
chemical [10,12] research. Whereas most attempts to modify 
the lateralized reaching reaction concentrated on shifts of 
laterality and on control of reach amplitude [18,19], few 
studies attempted to change the timing of the individual 
components of the movement. According to Moroz and Bures 
[16], reaching consists of three well discernible phases: ex- 
tension of the forepaw and fingers (40 to 60 msec), flexion of 
fingers, followed after some 40 msec by retraction of the 
forepaw (200-400 msec). Operant conditioning of the above 





phases requires that the animal does not directly reach for 
food but that it moves the operandum, the displacement of 
which releases the food reward. Hernandez-Mesa and Bures 
[9] used for this purpose a spring mounted plastic ball re- 
sembling a food pellet which could be grasped by the animal. 
Movement of this cp -randum between the resting position 
deep in the feeder and feeder entrance was monitored by a 
computer and correct responses were rewarded by brief 
pulses of intracranial self stimulation. With reinforcement 
contingent upon increase of the retraction time, rats learned 
in a single session to hold the operandum between the far and 
near point for more than 500 msec instead of the usual 250 
msec. While this experiment shows that slow, feedback con- 
trolled components of reaching are easily modifiable, it is 
less clear whether the highly stereotype rapid extension 
phase, which has many features of a pre-programmed ballistic 
movement, can be modified. Unfortunately, the above ap- 
proach cannot be used for operant conditioning of the latter 
component of reaching because breaking or closing contacts 
at the end-points of the movement trajectory does not char- 
acterize with sufficient accuracy the movement velocity be- 
tween these points. Thus velocity of the rapid extension 
phase could not be established from the time interval be- 
tween the photoelectrically detected insertion of the forepaw 
into the tube and the displacement of the operandum, be- 
cause this interval covers not only extension but also onset 
of retraction. The purpose of the present paper was to de- 
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FIG. 1. Modified feeder for operant control of the velocity of reach- 
ing. B—teflon bearing. BC—buffer chamber. C—coil spring. FP— 
food pellet. O—the disk shaped operandum. PI, P2, P3, P4— 
phototransistors with corresponding light sources. PDT—-pellet 
dispenser tubing. R—relay. S—screen. TD—trapdoor. For descrip- 
tion see text. 


velop a technique which would allow reliable estimation of 
the velocity of forepaw extension in the middle part of the 
trajectory and to assess possible control of this movement 
parameter by operant conditioning. 


METHOD 
Subjects 


The experiments were performed in 8 male hooded Long 
Evans rats obtained from the breeding colony of the Insti- 
tute. The 3-month-old animals (250-300 g weight) were 
housed in group cages (4 per cage) in an animal room with 
natural lighting conditions and constant temperature. Water 
was freely available in the home cages. A week before the 
start of training the animals were put on a 23.5 hr deprivation 
schedule with food available only in the experimental 
chamber. The animals had to recover food pellets from a 
narrow horizontal feeder (diameter 11 mm) fixed from out- 
side to the front wall of the box, 6 cm above the floor level. 
Eight rats who learned during four to five 30-min sessions to 
reach 20 mm deep into the feeder preferentially with the left 
or right forepaw were used for the estimation of the velocity 
of the reaching movement. 


Apparatus 


The modified feeder (Fig. 1) consisted of a plastic hori- 
zontal tube (50 mm long, 11 mm inside diameter) with an 
axially moving piston, serving as an operandum. The piston 
was held by a light spring at a resting position 10 mm from 
the entrance of the feeder and could be pushed by the reach- 
ing movement 10 mm deeper. The maximum displacement 
required a force of 5 g. The movement of the piston was 
monitored by a photoelectric system consisting of three 
phototransistors and corresponding light-emitting diodes. II- 
lumination of the phototransistors P1, P2, and P3 was inter- 
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FIG. 2. Cumulative distributions of the P1-P2, P2-P2, P2-P1 and 
Pi-P1 time intervals before (N) and after (T) training. Rat RI. 
Abscissa: duration of the time interval in msec. Ordinate: the 
number of reaches shorter than or equal to the time interval on the 
abscissa. Bin width—2 msec. 


rupted when the piston moved 3.0-, 5.15-, and 7.3-mm into 
the feeder, respectively. The corresponding electrical signals 
were sampled at 2 msec intervals with a laboratory computer 
(LINC-8) which recorded the duration of the movement at 
the levels Pl, P2, and P3 as well as the transition times 
between these levels during forepaw extension (P1-P2 and 
P2-P3) and retraction (P3-P2) and P2-P1). Five movement 
parameters (P1-P2, P2-P3, P3-P3, P2-P2, and PI-P1) were 
established for each reach and stored in the memory of the 
computer. Groups of 512 reaches were transcribed on digital 
magnetic tape for further off-line processing. Automatic 
protection against artefacts discarded all reaches appearing 
in less than 256 msec after termination of the preceding reach 
and all reaches lasting more than 2 sec. 

A shallow groove in the entrance part of the feeder (5S mm) 
was connected through a side opening to the pellet delivery 
mechanism. The 20 mg pellet prepared in the buffer chamber 
was released by a solenoid operated floor shutter into the 
feeder located immediately below. Disappearance of the pel- 
let from the buffer chamber was signalled by a photoelectric 
sensor which activated, through solid state programming cir- 
cuits, a conventional pellet dispenser connected to the top of 
the buffer chamber. The dispenser was disconnected as soon 
as a new pellet appeared in the buffer chamber. 


Procedure 


In several preliminary training sessions the animals 
learned to reach into the tube and to receive the pellets dur- 
ing the retraction phase of the movement, which activated at 
least the sensor P1. The animals were then trained to slow 
down the rapid extension phase of the reaching. 

In the first series of experiments (rats R1 to R4) food 
reinforcement was delivered only when the reach amplitude 
attained the P2 level and when the P1-P2 interval exceeded a 
predetermined delay. The training proceeded at 1 to 2 ses- 
sions per day, each session consisting of 512 reaches, com- 
pleted during 15 to 30 min. The P1-P2 delay was gradually 
increased from the control 2 msec up to 18 msec. The com- 
puter compared the current P1-P2 interval (tp,.».) with the 
preset delay (tp) and delivered a food pellet only when tp,_»2 
>tp. The delay was set in such way that at least 30-50% of 
the movements corresponded to the reinforced range. 
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FIG. 3. Gradual changes of the movement pattern induced by oper- 
ant training to slow down the extension phase of reaching between 
levels P1 and P2. Group I, rat R1. Abscissa: ordinal number of daily 
trial. Upper ordinate: percentage of short (S), fast (F) and correct 
(C) reaches (n=512). Lower ordinate: Duration of the P1-P2 time 
interval in msec. Threshold delay (dash), median (dot) and mode 


(circle) of the corresponding P1-P2 distribution. For description see 
text. 


In the second series of experiments (rats R5 to R8) rein- 
forcement was delivered only when the movement satisfying 
the tp;.p2>tp condition attained the P3 level. This arrange- 
ment guaranteed that velocity of the movement was meas- 
ured in the steepest part of the movement trajectory. The 
training continued for 36 sessions. 


Data Processing 


The data stored on digital magnetic tape were used for 
construction of computer plotted distributions of the 
between-level intervals and level durations with a 2 msec bin 
width. Each session was characterized by the mode and 
median of the above distributions, by the number of reaches 
attaining the P1, P2 and P3 levels, respectively, and by the 
number of reaches with P1-P2 intervals shorter or longer 
than the delay D. In the second series of experiments the 
reaches with correct P1-P2 inverval were further subdivided 
into the reinforced responses (attaining level P3) and into the 
nonreinforced responses (not attaining the level P3). The chi* 
test was used to compare the distributions obtained from the 
same animal before and at different stages of training and to 
assess the statistical significance of the differences between 
modal and median values. 


RESULTS 
Group I: Slowing the Terminal Portion of Extension 


During the first habituation sessions all reaches attaining 
level P2 were reinforced irrespective of the duration of the 
P1-P2 interval. The rats rapidly mastered the task and at- 
tained an asymptotic performance level. A typical experi- 
ment is illustrated by Fig. 2, which shows the computer plot- 
ted cumulative distributions of the P1-P2, P2-P2, P2-P1 and 
P1-P1 time intervals used for estimation of median values. In 
agreement with earlier reports [14,16] the extension phase 
P1-P2 was the most rapid and stable component of the reach- 
ing movement, several times faster than the retraction phase 
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P2-P1. Also the average durations of reaching (P2-P2 and 
P1-P1) correspond to earlier findings. Comparison of the 
maximum values of the P1-P1 distribution and of the other 
distribution makes it possible to establish the percentage of 
reaches attaining P2 out of all reaches (P1). The medians and 
modes of the P1-P2 distributions on successive days of train- 
ing are shown in Fig. 3 for the rat Rl which displayed the 
most clear signs of motor learning. 

When all reaches attaining level P2 were rewarded during 
the first four sessions the mode and medians were close to 9 
msec (7 msec in session 4) and the percentage of rewarded 
reaches attained 66%. Introducing the delay condition (6, 8, 
and 10 msec) increased first the medians and later also the 
modes of the P1-P2 distribution to 13 msec but decreased at 
the same time the percentage of rewarded reaches. This was 
due to increased incidence of short reaches (not attaining the 
P2 level, S) and of fast reaches (with P1-P2 interval shorter 
than the pre-set delay, F). In order to prevent further deteri- 
oration of performance by chaotic responding training con- 
tinued during sessions 10 to 18 with the delay of 8 msec 
which could support regular reaching with up to 60% of re- 
warded movements. Attempts to increase the delay (session 
16) elicited an immediate increase of F-type errors. The 
modal and median values remained relatively stable 
throughout this period. Further increase of delay to 12 msec 
(sessions 20 to 24) was accompanied by a transiently higher 
error incidence. During session 24 the animal suddenly re- 
duced the movement velocity and the P1-P2 distribution be- 
came significantly different from the pretraining distribution 
(chi? =302, p<0.001, for the first 30 msec). The increase of 
the median and mode values was accompanied by a corre- 
sponding reduction of F-type errors. The performance 
gradually deteriorated when the delay was increased to 14 
and 16 msec in sessions 25 and 26. Alternation of slow and 
fast movements during session 26 accounted for a bimodal 
distribution of the P1-P2 intervals. 

In order to stabilize performance, shorter delays (10 to 14 
msec) were used in sessions 27 to 30 (not shown in Fig. 3) 
which yielded about 50% correct responses. In the subse- 
quent control sessions 31 to 33, the delay was decreased well 
below the range of the P1-P2 intervals, i.e., to 2-, 6-, and 
10-msec. The trained rats continued to generate slow 
reaches and even increased the P1-P2 time interval. High 
incidence of S-type errors reflects the tendency of the rat to 
adjust the reach amplitude in such a way that the P2 level 
was barely attained during maximum extension. When the 
delay was increased into the range of the P1-P2 time intervals 
during sessions 34 to 35 F-type errors appeared and the me- 
dian and modal values approached the preset delay. The well 
trained animal is obviously capable to adjust movement ve- 
locity to the estimated delay and to minimize in this way the 
effort required for stable performance. Repeated application 
of the 16 msec delay caused again alternation of fast and slow 
movements and appearance of the second mode. 

Typical changes of the P1-P2 distribution during learning 
in rat R1 are illustrated by Fig. 4. The narrow asymmetric 
distribution had a fast rise and slower exponentially decreas- 
ing decline (Fig. 4A—session 4). It was not much affected by 
introducing the 8 msec delay (Fig. 4B—session 14) but be- 
came wider and more symmetric with delays of 16-, 10-, or 
12-msec (Fig. 4C, D, E) applied during training sessions 26, 
27, and 29. The modes were simultaneously shifted to the 
right. The modified distribution remained preserved even 
when the delay condition was cancelled (Fig. 4F—session 
31). 
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FIG. 4. Training-induced changes of the P1-P2 distribution. Rat R1. 
Abscissa: duration of the P1-P2 interval in msec. Bin width 2 msec. 
Ordinate: the number of reaches per bin. Arrows indicate the 
threshold delay. The n values denote the number of reaches used for 
histogram construction. A: zero delay before training. BCDE: suc- 
cessive stages of training with delays 8, 16, 10, and 12 msec. F-zero 
delay after completion of training. 


The training-induced changes of the movement pattern 
are well expressed in the cumulative curves of the various 
time intervals (Fig. 2). The asymmetric steeply rising P1-P2 
distribution characteristic for free reaching in naive animals 
(line N) changed to an S-shaped distribution after reaching 
was slowed down (line T). The increase of the P1-P2 time 
intervals was often accompanied by decreased P2-P1 values 
(Fig. 2), suggesting that slower extension is accompanied by 
faster retraction of the forepaw. An attempt to demonstrate 
this relationship by correlation analysis of the corresponding 
P1-P2/P2-P1 interval pairs failed, however. The other distri- 
butions corresponding to the duration of the movement at 
levels P2 and Pi (Fig. 2) indicated that training reduced 
reaching duration. 

Chi? test showed that training produced a significant 
(p>0.01) but less marked increase of the duration of the 
P1-P2 time interval also in the remaining rats of Group I. 


Group II: Slowing the Middle Part of the Extension 
Movement 


As pointed out, all rats in Group I learned to emit reaches 
with the maximum excursion oscillating around the P2 level. 
In this case, the final phase of the movement took place in 
the part of the tube monitored by the phototransistors P1-P2 
and the corresponding signals reflected slower movement of 
the forepaw approaching maximum extension. Under such 
circumstances, increasing the P1-P2 interval does not neces- 
sarily indicate reduced velocity of the earlier phase of ex- 
tension. In order to ascertain an overall velocity change, 
Group II was trained with the additional requirement that 
rewarded reaches had to attain the level P3, while velocity 
was measured between the levels P1-P2, i.e., at least 4.3 to 
2.1 mm before the maximum extension. 

Results obtained in a typical rat (R8) of Group II are 
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FIG. 5. Gradual change of the movement velocity induced by oper- 
ant learning to slow down between levels P1 and P2 the extension 
phase of reaches attaining the level P3. Group II, rat R8. C/P3: re- 
warded reaches. C/P3 reaches satisfying the delay condition but not 
attaining the P3 level. The interrupted vertical line between sessions 


3 and 4 indicates introduction of the P3 condition. Other description 
as in Fig. 3. 
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FIG. 6. Operant slowing of the extension phase of reaching in Groups 
I and II. Summary of results. The values given for each rat corre- 
spond to free reaching before training, maximum delay compatible 
with regular performance and to maximum delay tested. Other de- 
scription as in Figs. 3 and 5. Note that rat RS was not able to prolong 
the P1-P2/P3 interval but mastered the task after the P3 condition 
had been cancelled. 


shown in Fig. 5. In the first 3 habituation sessions reward 
was available whenever the level P2 was attained (83% 
reaches). After introduction of the additional condition P3, 
number of reaches not attaining P2 dropped to 12%, but 19% 
of reaches not attaining the P3 level reduced the incidence of 
rewarded responses to 69%. The median and modal values of 
the P1-P2 time intervals were about 5 msec during this 
period, when reward depended only on reach amplitude. 
Moderate delays of 6 to 8 msec caused appearance of 
F-errors (40% in session 8) and drop of rewarded reaches to 
40%. Eighteen sessions with the 8-10 msec delays were re- 
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FIG. 7. Comparison of the training-induced changes of reaching in 
two representative animals Group I (R1) and Group II (R8). Ordi- 
nate: averages (+SEM) of median values of the intervals P1-P2, 
P2-P2 and P2-P1. Abscissa: blocks of 4 to 6 trials. 


quired to induce a permanent shift of the P1-P2 distributions 
to the right (p<0.001) and a corresponding increase of the 
median and modal values, but this was not accompanied by a 
higher percentage of rewarded reaches, because reduction of 
F-type errors was compensated by increased incidence of 
failures to attain the P3 level. A marked increase of the me- 
dian P1-P2 intervals was observed in sessions 31 to 33. The 
number of reaches not attaining P3 decreased in sessions 33 
to 36, yielding 35% and 22% of rewarded reaches with the 12 
and 14 msec delays, respectively. The modes and medians 
closely followed the threshold delay and attained the 
maximum of 15 msec in session 35. Thus, at the conclusion 
of training, movement velocity was reduced 2.2 to 3.0 times. 

Closer analysis of the P1-P2 and P2-P3 distributions indi- 
cated that the latter intervals were longer than the former. 
Separation of the P1-P2 intervals into two subpopulations 
corresponding to reaches attaining or not attaining the P3 
level showed that the latter intervals were longer, obviously 
because they were measured over the final part of the 
movement trajectory. 


Comparison of Groups I and II 


The results obtained in Groups I and II are summarized in 
Fig. 6. The free reaching velocity in untrained animals was 
slower in Group | (0.262+0.13 m/sec) than in Group Il 
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FIG. 8. Schematic representation of the reach patterns in the two 
groups before training and in the final phase of training. Ordinate: 
movement amplitude corresponding to levels P1, P2, and P3. 
Abscissa: time since attaining the level P1 (in msec). 








(0.361+0.017 m/sec). The difference was significant at the 
p<0.01 level (t;=4.6). After training, Group I performed reg- 
ularly with the average velocity of 0.160+0.020 m/sec while 
receiving 45.5+4.3% reinforcements. Paired comparison 
showed that the pretraining and posttraining velocities were 
significantly different (t,=3.54, p<0.05). With the maximum 
delay tested (16 msec) the median velocity dropped to 
0.130+0.020 m/sec and the percentage of rewarded reactions to 
25.7+5.5%. Training caused a significant velocity reduction 
also in Group II (t,=3.5, p<0.05, paired comparison), but only 
3 rats succeeded to perform regularly at delays between 8 to 12 
msec with the average velocity of 0.170+0.030 m/sec and 27% of 
correct responses. Further increase of the delay to 10-14 msec 
reduced the number of rewarded reaches to 17.7+2.2% and 
increased the average velocity to 0.198+0.023 m/sec. The 
remaining rat RS made 80% errors at the 6 msec delay while 
reducing reaching velocity to 0.269 m/sec. Further decrease 
of reaching velocity (to 0.159 m/sec) was only possible when 
the animal was not required to attain the P3 level. 

Comparison of the 2 groups indicates that Group II 
achieved stable performance after longer training at shorter 
delays and with higher incidence of errors than Group I. 
Although it is more difficult to slow down the middle part 
than the terminal part of movement trajectory, the rats can 
master this task and accomplish in about 30 sessions a 50% 
velocity reduction. 

Figure 7 illustrates the relationship between the extension 
velocity, duration of reaching and retraction velocity in the 
two best animals of Groups I and II. Increase of median 
P1-P2 intervals during the 30 training sessions was accom- 
panied by a significant decrease of P2-P2 duration and by a 
less pronounced decrease of the P2-P1 interval. Similar trend 
was seen also in other rats. These reciprocal changes of the 
P1-P2 and P2-P2 intervals indicate that slowing of the exten- 
sion phase of reaching is accompanied by an earlier onset of 
retraction. 





DISCUSSION 


The main result of the present study is the finding that 
velocity of a discrete skilled movement can serve as an oper- 
ant. The learning-induced modifications of reaching in the 
two groups is schematically shown in Fig. 8 which compares 
the time course of the movement before training and at the 
conclusion of training in two representative rats. If reaching 
to the P2 and P3 levels before training is accomplished by 
producing the same movement from different starting posi- 
tion, then the terminal portions of the movement should be 
similar, i.e., the P1-P2 and P2-P2 intervals of the short 
movement should be the same as the P2-P3 and P3-P3 inter- 
vals of the long movement. This is not the case: the long 
movement is faster and lasts longer. It seems that the long 
reach requires an increase of the force resulting into faster 
movement and slower reversal. Ghez and Vicario [8] found 
similar relationship in the cat who executed forelimb move- 
ments of different amplitudes during a constant time interval. 
Such findings are consistent with the assumption that the 
speed of ballistic movements is limited not only by 
biomechanical properties of muscle and limbs but by some 
central timing mechanism [11]. The training induced changes 
of the movement pattern resulted in both groups into in- 
crease of the P1-P2 interval and into decrease of the overall 
duration of the reaching movement. Although the changes 
are similar they are probably generated by different mech- 
anisms. 

The motor learning involved can either produce a postural 
adjustment which exposes to velocity measurement a suita- 
ble part of the trajectory of the otherwise unchanged move- 
ment or can induce a true velocity change of the examined 
movement. It seems that the first solution is preferred 
whenever possible because posture is more accessible to fine 
sensory control. Apparently it is simpler for the rat to learn 
that reward is available when reaching to a definite depth of 
the feeder than to detect the contingency between movement 
velocity and reinforcement availability. The animal learns to 
attain a definite target and the velocity change becomes an 
unsuspected by-product of training. Even this learning can 
involve, besides postural adjustment, changes of move- 
ment amplitude and corresponding changes of movement 
speed. 

An overall velocity change is only attempted when condi- 
tions of the experiment prevent the first solution. That this 
task is more difficult is demonstrated by the failure of rat R5 
to achieve a significant velocity decrease, by the longer train- 
ing required to attain stable performance and by smaller ve- 
locity reduction. The difference between the two tasks is 
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graphically illustrated by rat RS which was not able to slow 
down the full amplitude movement but rapidly learned the 
amplitude regulation. 

The extension phase of reaching resembles a ballistic 
movement typically accomplished by an agonist burst unop- 
posed by the activity of the antagonist [6, 7, 8]. Such move- 
ments can be performed at different speeds and to different 
distances by adjusting the intensity and duration of the 
agonist burst to the viscoelastic braking forces of the limb. 
As shown by Cooke [4] in his analysis of human forearm 
flexion and extension, peak velocity is a linear function of 
the distance from the start to termination of the movement. 
The requirement to reduce movement speed is compatible 
with the generation of short reaches in Group I but is incom- 
patible with the simultaneous requirement to reach deeper 
into the tube. 

Independent regulation of movement velocity and ampli- 
tude requires that the agonist discharge overlaps with ac- 
tivation of the antagonist which reduces acceleration of the 
movement [1,13] and the maximal velocity attained. This 
explanation is consistent with the finding that in Group II the 
velocity of extension decreases simultaneously with the 
overall duration of the movement. Conceivably, the early 
activation of the antagonist facilitates forepaw retraction and 
accounts for generation of shorter-lasting movements. The 
overlapping activation of the extensors and flexors is only 
short-lasting, however, since retraction velocity is not signif- 
icantly affected by training in Group II. It can be surmised 
that the slowing of extension is achieved by an earlier onset 
of an otherwise unchanged flexion. 

Reciprocal development of the P1-P2 and P2-P2 intervals 
observed in Group I can be due to a similar mechanism but 
can also reflect the postural adjustment allowing only the 
peak of the extension to exceed the level P2. Also reducing 
the agonist burst would cause simultaneous reduction of ve- 
locity, amplitude and duration of the movement. 

Other possibilities must also be considered. Average ve- 
locity between points P1-P2 does not necessarily correspond 
to peak velocity of movements attaining P3. It is conceivable 
that with an overall increase of movement amplitude, the P1 
and P2 sensors may still remain exposed to the slow terminal 
phase of extension. Longer extension time could also be due 
to other modifications of the response, e.g., to increased 
friction of the forepaw against the wall of the tube. Neither 
explanation is consonant with the shortening of the overall 
duration of the movement, however. Further research is 
needed to decide between the various alternatives by record- 
ing EMG of the participating extensors and flexors and com- 
paring it with the continuously monitored movement veloc- 
ity. 
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SETTLE, R. G., K. MEEHAN, G. R. WILLIAMS, R. L. DOTY AND A. C. SISLEY. Chemosensory properties of sour 
tastants. PHYSIOL BEHAV 36(4) 619-623, 1986.—In Experiment 1, a taste quality fractionation procedure was used to 
establish the degree to which sour and non-sour taste sensations are elicited by six concentrations of each of seven acids: 
citric, hydrochloric, sulfuric, lactic, malic, phosphoric and tartaric. In general, the acids differed significantly in their ability 
to elicit sour, salty and bitter sensations, with sulfuric and hydrochloric acids producing the smallest proportions of 
perceived sourness. Bitterness was found to be the largest non-sour sensation produced, followed by saltiness. The 
perceived taste qualities of the acids were stable across a wide range of concentrations. In Experiment 2 the extent to which 
the vapors of these test acids produce detectable intranasal non-gustatory sensations at concentration levels used in many 
human taste experiments was examined. All acids induced clear intranasal sensations at concentration levels used in some 
suprathreshold taste paradigms. The results suggest that a number of measures of sour taste sensation may be confounded 
by non-sour chemosensory factors, including intranasal stimulation. 


Chemosensory properties Acids Sour 


Non-sour 





THROUGHOUT the history of taste research, sour (or, in 
the older literature, acid) has been considered a primary 
taste quality [1-3]. However, a number of studies suggest 
that at least some ‘‘sour’’ stimuli produce sensations other 
than sour, including bitter and salty [10-12], providing one 
explanation for the apparent common “‘misidentification”’ of 
sour stimuli as bitter in forced-choice test situations [9,15]. 
To our knowledge, only one study has specifically quantified 
such sensations [10], and none has examined the potential 
influence of concentration on this phenomenon. Further- 
more, there is some suggestion in the literature that citric 
acid may elicit more bitterness than hydrochloric acid (see 
Fig. 2 in [10]), whereas other data [9] suggest the opposite 
(see Table 2 in [9]). It is conceivable that such differences 
result from the concentrations used. 

In addition to producing more than one taste quality, 
some acids can induce olfactory and/or trigeminal intranasal 
sensations [5,6]. For example, hydrochioric acid, the most 
commonly used sour taste stimulus, is detected by nasal in- 
halation [7,8]. Other acids used in taste research have re- 
ceived little attention in this regard, despite the possibility 
that they may produce intranasal cues which potentially con- 
found some measures of taste function. 

The present experiments had two main goals. The first 
goal (Experiment 1) was to evaluate, using a taste quality 
fractionation procedure, the degree to which sour, salty, 
sweet and bitter sensations are elicited by a number of con- 
centrations of each of seven acids, including those frequently 
used in taste research: citric, hydrochloric, sulfuric, lactic, 





malic, phosphoric and tartaric. Of particular interest was 
whether or not stronger concentrations of acids elicited pro- 
portionately more sour or bitter responses. The second goal 
(Experiment 2) was to determine whether the vapors of these 
acids produce detectable intranasal sensations at concentra- 
tion levels used in a number of human taste experiments. 
The results of this work provide an empirical basis for more 
intelligent selection of ‘‘sour’’ stimuli for both basic and 
applied studies of gustatory function. 


EXPERIMENT 1: TASTE QUALITY FRACTIONATION 


METHOD 
Subjects 


Five women and eight men served as subjects in this ex- 
periment. These 18 to 33 year old individuals were students 
at the University of Pennsylvania and evidenced normal 
taste recognition threshold values [16] (sucrose thresholds 
<100 mM; NaCl <50 mM; caffeine <10 mM; citric acid <1 
mM). 


Stimuli 


Citric acid, hydrochloric acid, lactic acid, malic acid, 
phosphoric acid, sulfuric acid and tartaric acid, which met 
ACS or NRC standards of purity, were dissolved and diluted 
in deionized water (>18 M ohm). The concentrations used 
are listed in Table 1 and were previously determined from 


‘Supported by National Institutes of Health Grant, NINCDS POI-NS-16365. 
*Requests for reprints should be addessed to Clinical Smell and Taste Research Center, Hospital of the University of Pennsylvania, 5 


Ravidin Institute/G1, 34th and Spruce Streets, Philadelphia, PA 19104. 








PROPORTION SOUR 
































| 


Phosphoric Sulturic Tartaric 





Citric Lactic Malic 


ACIDS 


u 


Phosphoric 


PROPORTION SALTY 


























Sulfuric 





Lectic Malic Tartaric 


ACIDS 


SETTLE ET AL. 


PROPORTION BITTER 




















Malic Prosphor 


ACIDS 


Lactic « Sulfuric Tartertc 


PROPORTION SWEET 








uu 


Lactic Malic 














Phosphoric Sulfuric Tarteric 


ACIDS 


FIG. 1. The proportions of sweet, salty, sour and bitter taste associated with seven acids. For each quality, acids with the same letters did not 


differ significantly by Duncan’s Multiple Range Test (i.e., p >0.05). 


TABLE 1 


CONCENTRATIONS OF EACH OF THE SEVEN ACIDS TESTED IN 
EXPERIMENT 1 





Acid Concentrations (mM) 





Citric 4.00 : 10.1 
Hydrochloric 5.37 ; 13.5 
Lactic 10.0 ; 25.1 
Malic : 4.75 FS. 11.9 
Phosphoric 5.37 s 13.5 
Sulfuric 2.75 2 6.91 
Tartaric 4.36 : 11.0 





pilot studies to be isointensive at each of the six intensity 
levels. Solutions were prepared at the beginning of each 
week of testing. 


Procedures 


In order to quantify the proportion of sourness of an acid 
across a range of concentrations, each subject assigned a 
numerical estimate to the total perceived intensity of a given 


stimulus and then estimated the proportions of this intensity 
attributable to each of five different tastes (sweet, sour, 
salty, bitter and ‘‘other’’) [10]. To insure that each subject 
adequately understood this procedure, training was given on 
two visual tasks which demonstrated the fractionation con- 
cept. In the first, a set of lines of differing lengths was pre- 
sented. Each line was divided into two or three segments of 
differing colors. For example, one stimulus was a line 15 cm 
in length which consisted of a blue 5 cm segment, a red 7.5 
cm segment, and a yellow 2.5 cm segment. The subject was 
instructed (a) to assign a magnitude estimate to the overall 
length of the line relative to the other lines in the set and (b) 
to then indicate the proportion of the line made up of each 
color. After demonstrating an understanding of the concept, 
the subjects were given the second task. This was similar to 
the first, except that 24 aqueous solutions of yellow and blue 
food dye (and their mixtures), presented in 12 ml test tubes, 
were used as visual stimuli. These solutions provided a 
broad range of blue, yellow and green hues of varying de- 
grees of saturation. After the subjects demonstrated consis- 
tent judgments in this task, they were allowed to participate 
in the taste experiment proper. 

In each of three daily test sessions, the subjects received, 
in random order, the six concentrations of each of the seven 
acids (Table 1) and performed the magnitude estimation and 
fractionation procedure. Each stimulus consisted of 10 ml of 
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TABLE 2 


DISCRIMINATION BY NASAL INHALATION OF EIGHT ACID-WATER PAIRS AT TWO CONCENTRATIONS 





Acid 


Concentration Corresponding to 
a Strong Taste Intensity 


Proportion of 
Subjects With 
7 or 8 Correct 
Identifications 


Mean Number 
of Correct 
Identifications 
X (SD) 


Log. 
Conc. 


Concentration Corresonding to 


a Moderate Taste Intensity 


Proportion of 
Subjects With 
7 or 8 Correct 
Identifications 


Mean Number 
of Correct 
Identifications 
X (SD) 





Citric 
Hydrochloric 


Lactic — 1.80 


0.62 
0.77 
0.85 


6.8 (1.3) 
6.8 (1.5) 
7.2 (0.9) 


—2.60 
—2.47 
~2.20 


0.08 
0.08 
0.54 


4.6 (1.6) 
5.1 (1.1) 
6.5* (1.5) 


Malic 
Phosphoric 
Sulfuric 
Tartaric 


—1.97 0.69 
—1.77 0.62 
—2.24 0.54 
—2.05 0.62 


6.9 (1.3) 
6.7 (1.4) 
6.4 (1.9) 
6.5 (1.5) 


“boa 0.15 4.5 (1.9) 
—2.47 0.15 5.5 (1.3) 
—2.76 0.00 4.6 (1.3) 
~2.30 0.15 5.0 (1.4) 





*Differed significantly from other acids (p><0.05; Duncan’s Multiple Range Test). 


solution presented in a | ounce soufflé cup (Solo Cup Co., 
P100). A minimum of 20 seconds was imposed between the 
Stimulus presentations, during which time the subject rinsed 
twice with deionized water. 


RESULTS 


To determine if concentration significantly influenced the 
subjects’ proportioning of the total taste intensity of the 
acids into the sweet, sour, bitter, salty and ‘‘other”’ 
categories, we performed an acid by concentration two-way 
analysis of variance (for each quality) on the median propor- 
tion assigned to each category by each subject over the three 
sessions. Concentration had no significant effect on the pro- 
portion of the intensity assigned to any of the qualities 
(Sweet: Concentration Main Effect, F(5,60)=0.61, p=0.69; 
Concentration by Acid Interaction, F(30,360)=0.74, p =0.84; 
Sour: Concentration Main Effect, F(5,60)=1.25, p=0.30; 
Concentration by Acid Interaction, F(30,360)= 1.13, p=0.30; 
Bitter: Concentration Main Effect, F(5,60)=0.74, p=0.59; 
Concentration by Acid Interaction, F(30,360)=0.85, p =0.69; 
Salty: Concentration Main Effect, F(5,60)=0.42, p=0.83; 
Concentration by Acid Interaction, F(30,360)=1.30, 
p=0.10; All ‘‘Other’’ taste medians were equal to 0 and 
therefore were not analyzed).* Thus, we collapsed the data 
across concentrations to provide a better estimate of the 
proportioning of the stimulus intensities into the quality 
categories. The means were then compared using a Duncan’s 
Multiple Range Test for each taste quality. The proportions 
of sour, bitter, salty and sweet taste associated with each 
acid are presented in Fig. 1. The proportion of sourness of 
HCI and sulfuric acid was significantly lower than that of 
phosphoric, lactic and tartaric acid. Sulfuric acid had a sig- 
nificantly greater proportion of bitterness than malic and tar- 
taric acid. The proportion of saltiness of HCl was signifi- 
cantly greater than that of phosphoric, tartaric, citric and 
lactic acid. Interestingly, the acids did not differ significantly 
in the proportion of sweetness assigned to them. 


EXPERIMENT 2: INTRANASAL DETECTABILITY OF 
ACID VAPORS 


METHOD 
Subjects 


Seven male and six female students (18 to 33 years of age) 
served as subjects. Eleven had participated in the first exper- 
iment. 


Stimuli 


The seven acids of Experiment | were evaluated. By 
using regression equations developed to describe the total 
intensity data of Experiment 1, two concentrations of each 
acid were selected to match the total taste intensity of 8.5 
mM and 2.5 mM citric acid, respectively. The first concen- 
tration was chosen to represent the approximate midpoint of 
the determined range of taste intensities, whereas the second 
was chosen to represent a much lower point. 


Procedures 


A forced-choice procedure was used to determine the 
nasal detectability of the acids. Pairs of stimuli, one acid and 
one water, were presented to the subjects in a manner de- 
scribed elsewhere [6] using 140 ml sniff bottles (6 cm open- 
ing, 20 ml of solution/container). A 10-second interval was 
interspersed between stimuli and a 30-second interval be- 
tween the pairs of stimuli. Subjects were instructed to sniff 
the stimuli in each pair and to select the one different from 
water. The two sets of acid concentrations were tested in 
separate daily sessions. Eight presentations of each water- 
acid pair were made during each session. 


RESULTS 


A subject was considered able to discriminate an acid 
solution from water if he or she correctly identified 7 or more 
of the eight water-acid pairs (binomial test, p<0.05; [17]). 


*To insure that the stimulus concentrations used in this study (which were previously established in a different set of subjects to be 
isointensive across acids) were perceived as isointensive by the present subjects, we also performed an acid by concentration two-way 
analysis of variance on the geometric means of the magnitude estimates of the three sessions. The total perceived intensity estimates among 
the stimuli were not significantly different (Acid Main Effect, F(6,72)=1.65, p=0.14; Acid by Concentration Interaction Effect, 


F(30,360)= 1.29, p=0.11). 
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Using this criterion, most subjects discriminated the acid 
solutions [matched in total taste intensity to 8.5 mM citric 
acid (Table 2)] from water. A one-way analysis of variance 
indicated there were no significant differences among the 
acids in the mean number of correct identifications at these 
concentrations, F(6,72)=0.77, p>0.50. When the concentra- 
tions of the acids were reduced to a taste intensity equal to 
2.5 mM citric acid, only lactic acid was discriminable by a 
majority of the subjects. A one-way analysis of variance 
indicated a significant difference among acids in the mean 
number of correct identifications, F(6,72)=3.91, p<0.002. A 
Duncan’s Multiple Range Test showed that the mean number 
of correct identifications for lactic acid was significantly 
greater than for all other acids (p<0.05). 


DISCUSSION 


The data of Experiment | demonstrate three important 
points: first, that the perceived taste qualities of acids are 
relatively stable across a wide range of concentrations; sec- 
ond, that the proportion of sourness, saltiness and bitterness 
(but not sweetness) assigned to acids by subjects differs sig- 
nificantly among the acids; and third, that bitterness is per- 
ceived, in most cases, as the largest nonsour component of 
acids (accounting for roughly 6% to 16% of the total taste) 
and saltiness the second largest (accounting for 4% to 12% of 
the total taste). 

Our finding that concentration has little or no effect on the 
relative proportions of sweet, sour, bitter and salty qualities 
assigned to a number of acids was not anticipated, since the 
perceived taste qualities of electrolytes, such as sodium and 
potassium chloride, have long been known to change over 
concentrations [18]. An increase in the proportion of the 
intensity called ‘‘bitter’’ would be expected at higher con- 
centrations if explanations for *‘sour-bitter’’ confusions such 
as that suggested by Robinson [15] were correct. Robinson 
suggests that the term bitter may be associated with unpleas- 
ant taste experiences. Since strong sour stimuli are more 
unpleasant than weak ones, they might be expected to be 
**misnamed”’ bitter more frequently than weaker sour stim- 
uli. Alternatively one might have expected a relatively higher 
proportion of salty responses, at lower concentrations, given 
the finding that perithreshold concentrations of acids are 
often termed salty [13], possibly due to the similarity of 
non-gustatory sensations elicited by salts and acids [4]. 
However, it is conceivable that the weakest concentrations 
of acids used in our study may not have been low enough to 
demonstrate this latter effect, if present. 

The finding that acids have differing degrees of nonsour 
components suggests that the acid selected to represent 
**sour’’ may affect the results of a number of taste studies. 
For example, most electrophysiological studies of *‘quality 
specific’ fibers have used HCI as the sour stimulus. Since 
this stimulus has a relatively large salty component, fibers 
which respond best to NaCl might be expected to also be 
responsive to HCl. Indeed, data by Nowlis and Frank have 
found that ‘‘salt-best’’ fibers show a strong response to this 
acid [14]. If another acid (e.g., phosphoric) had been used, it 
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is possible that ‘‘salt-best’’ fibers would have demonstrated 
a lower relative responsiveness to ‘‘sour’’ stimulation. If so, 
generalizations about the breadth of tuning of a fiber would 
depend upon the specific *‘sour’’ stimulus employed. 

Despite the fact that the present study demonstrates that 
the perceived taste qualities of acids are relatively stable 
across a wide range of concentrations, one should use cau- 
tion in assuming in other contexts that stimuli differing 
markedly in total intensity are immune to contrast 
phenomena and other factors which alter judgments of their 
perceived qualities. For example, if a relatively strong con- 
centration of an acid whose sour component is low is paired 
with a relatively weak concentration of an acid whose sour 
component is high, a subject might report that the first acid is 
more sour than the second, being unduly influenced by the 
Overall intensities. Whether and to what degree (and in what 
contexts) such effects occur requires further study. 

The results of Experiment 2 indicate that acid solutions at 
concentrations which have a strong taste intensity are able to 
be detected by nasal inhalation, presumably via intranasal 
trigeminal afferents [5,6]. At lower concentrations, which 
have a moderate taste intensity, only one acid (lactic) was so 
detected. Thus, experiments in which weak concentrations 
of these acids are used are not likely to be confounded by 
such cues, unlike experiments using higher concentrations. 

Although the present study is the first systematic exam- 
ination of the nasal detectability of acids used in taste re- 
search, Henkin and Bartter [7] reported that HCI concentra- 
tions between 150 and 300 mM were detectable intranasally 
by one quarter of 41 subjects. In the present study over 
three-fourths of the subjects were able to detect HCl at a 
much lower concentration (~10 mM). The basis of the dis- 
crepancy between our results and those of Henkin and Bart- 
ter [7] is not known, but could conceivably be due to 
procedural factors (e.g., sniff bottle size, distance of place- 
ment of sniff bottle from the nares, etc.) or differences in the 
purity of stimuli. 

In some instances, nasal detection may be responsible for 
differences observed in the responsiveness to taste stimuli, 
such as those seen in conditioned taste aversion paradigms. 
For example, there appears to be less suppression of drink- 
ing of HCI (and QHCI) in rats following a conditioned aver- 
sion to the ingestion of acetic acid than to that of hydrochlo- 
ric or citric acid (see Fig. 3; [14]). If the odor and taste of 
acetic acid form a compound conditioned stimulus, a reduc- 
tion in the generalization to other stimuli would be expected. 
Acetic acid was eliminated from the present study because of 
spontaneous comments of subjects about its odor during 
pilot work. 

In conclusion, the present experiments demonstrate that 
a number of acids used in taste research do not produce pure 
sour taste sensations and, furthermore, that such acids can 
be detected by nasal inhalation at concentrations yielding 
moderate to strong taste sensations. These findings imply 
that care should be taken in choosing chemicals representa- 
tive of “‘sour’’ taste, and that several such stimuli should 
likely be employed in many test paradigms. 
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CHENG, M.-F., T. KLINT AND A. L. JOHNSON. Breeding experience modulating androgen dependent courtship 
behavior in male ring doves (Streptopelia risoria). PHYSIOL BEHAV 36(4) 625-630, 1986.—Courtship behavior of repro- 
ductively experienced males was compared with that of age-matched inexperienced males before and after castration and 
during treatments with hormones (testosterone propionate and estradiol benzoate). Inexperienced males displayed signifi- 
cantly lower levels of nest-oriented courtship, the nest-cooing (nest-soliciting) and wingflippings; however, agonistic 
courtship, the bow-cooing, was not affected by breeding experience. The lower level of nest-cooing display in the inexperi- 
enced males persisted even when their circulating level of androgen as measured by RIA was no different from that of 
experienced males. Estrogen treatments, however, produced no group difference in levels of nest-coo display. These 
results were discussed in the context of hormone-behavior relationships. 
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THAT experience plays an important role in the sexual be- 
havior of higher mammals was first articulated by Frank A. 
Beach in the 1940’s [1]. Research on rats and cats addressing 
this issue has documented that sexual experience plays an 
important role in the ability of males to initiate sexual behav- 
ior, and a role in the maintenance of sexual behavior in the 
absence of hormone stimulation [15]. These early studies 
were confined to two aspects of the experiential effect: (1) 
the extent to which experience imparts the sexual behavior a 
degree of independence from hormone control, (2) the role of 
social experience in the development of sexual performance. 
In this paper, we ask whether experience is involved in 
modulating the behavioral response to the combined stimu- 
lation of an external stimulus (stimulus female) and an inter- 
nal stimulus (hormones). 

Age-matched male ring doves were used to determine 
whether reproductively experienced and inexperienced 
males differ in (1) circulating levels of testosterone, (2) re- 
sponsiveness to receptive and non-receptive stimulus 
females, and (3) responsiveness to the same level of testos- 
terone stimulation. The ring dove (Streptopelia risoria) is 
ideal for this study since the causal effects of testosterone on 
courtship behavior have been well documented [7, 9, 13]. In 
a laboratory setting, egg-laying is preceded by a sequence of 
male-female interactions followed by coordinated nest- 
construction and parental care by both sexes. During the 
early cou, ship phase and before nest building has set in (Ist 
3 days of pairing), male doves typically engage in the follow- 
ing behavior directed towards females: pecking, chasing and 
Kah-call, bow-coo, wingflipping and nest-coo (nest- 
soliciting); the first two displays are agonistic (the female 
avoids the male), the last two are nest-oriented courtship 


displays (the female approaches the male), while the bow- 
coo is an agonistic courtship display (the female avoids but 
keeps a short distance from the male). In our previous study, 
we found that all but one behavior pattern (pecking) are tes- 
tosterone dependent although only bow-coos and nest-coos 
show dose-response relationships with testosterone [13]. 
Bow-coos and nest-coos differ in their hormonal specificity: 
while the bow-coo is androgen dependent, the nest-coo can 
be induced by both testosterone and estrogen [3, 9, 21]. 


METHOD 
Subjects 


The first experiment used 48 male ring doves: 24 with one 
breeding experience (E-males) and 24 inexperienced (IE- 
males). Breeding experience consists of successfully raising 
at least one young to 21 days of age. The two groups of males 
were age matched, ranging from 8 to 13 months of age at the 
time of testing. In Experiment 2, 16 males from each group 
(E and IE) were randomly selected as subjects. In Experi- 
ment 3, 6 males from each group of Experiment 2 were used. 
Autopsies were performed for testicular residues for subjects 
not used for Experiments 2 and 3. 

Two types of stimulus females were used to control for 
differential effect of experience depending on types of 
stimulus females. Females were pretested with active males 
to determine their receptivity, and grouped into receptive (R) 
and nonreceptive (NR). Behavioral criteria for receptive 
females were Kah-calls and crouching at least twice when 
introduced to the male during a 5 minute test [4]. Nonrecep- 
tive females showed neither Kah-calling nor crouching. 





TABLE | 
EXPERIMENTAL SCHEDULE IN EXPERIMENT | AND 2 





Day No. Procedure 





Experiment | Test 6: R 2 or d: NR 


Test 6: NR 2 or cd: R S 


Test d: NR 2 ord: R 
Test 6:R 2 or 6d: NR 
bloodsampling 


Experiment 2 Castration of E and IE males 

Test 6: R 9 

Test d:R 

Start of daily replacement therapy; 
bloodsampling (Day 0) 


Test 6+TP: R 2 (Day 1-5) 
bloodsampling (Day 5) 

Test 6+TP: R ° 

Test 6+TP: R &; 
bloodsampling (Day 13) 





Test constitutes 10 minute encounter between one male (either 
Experienced E or Inexperienced IE) and one female ring dove (re- 
ceptive female=R; nonreceptive=NR female). 

(Day 1=beginning of daily observation.) 


Rearing Conditions 


All birds were provided food, grit and water ad lib and 
were kept on a light-dark schedule of 14L: 10D (lights on 6:00 
a.m. to 8:00 p.m.). Male and female ring doves were re- 
moved from their parents at the age of 21 days and placed in 
stock cages in groups of 6-8 birds. At 3-4 months of age, the 
sex of each bird was determined by exploratory laparotomy 
and each was placed in individual isolation cages (30x 20x 15 
cm) in which it was visually isolated from other birds. When 
the birds were sexually mature (~5 months old) they were 
paired in breeding cages (433646 cm) and permitted to 
court, nest-build, lay, hatch, and rear the young to 21 days of 
age. Males and females were then separated and transferred 
to isolation cages for at least 3 weeks before the birds were 
used for experiments. E males were drawn from this popula- 
tion. [IE males were drawn from a group of males who were 
kept in the individual isolation cages until they were sampled 
to match the age range of E males (8-10 months). 


Observations and Behavioral Terminology 


Observations (10 min) were carried out between 900 and 
1500 hr. Ten minutes before each observation the male was 
transferred from its rearing cage to a similar cage, adjacent to 
a stimulus female. Male and female cages were parted by a 
wooden screen which was removed at the start of an obser- 
vation. The test cages were equipped with water valves but 
no food or grit cans. Nest bowls and nest materials were 
scattered on the floor of the compartment housing the 
stimulus female. 

Frequencies of the following behaviorai patterns were re- 
corded on check sheets: Kah-call (KC), hop charge (HC), 
bow-coo (BC), pecking at the female (PE), nest-coo (NC). 
Duration of wing-flip (WF) was recorded with a stopwatch. 
Occurrences of heteropreening, mounting, copulation and 
female crouching were also noted. For behavioral descrip- 
tions and terminology see Miller and Miller [20]. 
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In Experiment 1, experienced and inexperienced males 
were tested daily with four stimulus females [twice with re- 
ceptive (R) and twice with nonreceptive (NR) females]. Each 
female was used only once during the experiment. Possible 
sequential effects on male responsiveness were controlled by 
reversing the order of testing with R and NR females daily. 

Sixteen days after castration both E and IE males were 
subjected to replacement therapy. All birds were given the 
same dose of TP (25 wg, IM) for 13 consecutive days and 
observed on Days 1, 2, 3, 4, 5, 9 and 13 (Day 1 obser- 
vation=the day following the last TP treatment). In Experi- 
ment 2, males were tested with receptive females (only R 
females were used in Experiment 2 since four out of six 
behavioral patterns were insensitive to the condition of 
females’ receptivity in Experiment 1). The dosage employed 
in this study had previously been found to be optimal for 
reinstating all testosterone dependent male behavior. At the 
end of the experiment, 10 males of each group (E and IE) 
underwent autopsy for remnants of testicular tissue. 

In Experiment 3, the remaining 6 males from each group 
in Experiment 2 were used, two months after the completion 
of Experiment 2. These males were tested for level of nest- 
coos before treatment and daily for 5 days during estradiol 
benzoate (EB) treatment (50 ug, IM). Behavioral observa- 
tions continued for an additional 4 days after the last EB 
treatment. 


Surgery and Hormonal Administration 


Surgery was performed under Chloropent anesthesia 
(0.20 cc/100 g body weight, IM). Sixteen experienced males 
and 16 inexperienced males were bilaterally castrated in a 
two stage operation. The males were allowed ten days of 
recovery before the second operation and another 12 days 
minimally before they were used for the experiment. 

Daily injections of testosterone propionate (TP; Experi- 
ment 2) and estradiol benzoate (EB; Experiment 3) were 
given intramuscularly, alternating between the right and left 
pectoral muscles. The dosage for testosterone propionate 
(TP) were 25 yg TP/bird/day in 0.1 ml sesame oil and that for 
estradiol benzoate was 50 ywg/bird/day in sesame oil. These 
dosages for steroids were based on previous findings [2,13]. 
Injections were always given in the afternoon immediately 
after the observation. 


Blood Sampling and Radioimmunoassay 


Blood samples of about 1.0 ml collected from the wing 
vein of the E and IE males in heparinized syringes (before TP 
injection) on testing Day 8 in Experiment | and on Days 0, 5 
and 13 in Experiment 2. Day 0 (Experiment 2) is the first day 
of hormone treatment given after behavioral testing. Plasma 
was frozen at —20°C and testosterone was subsequently 
measured by radioimmunoassay according to the procedure 
described by Johnson and van Tienhoven [ll]. The 
antiserum was T-5/2, which was found. to cross-react (at 50% 
inhibition) with Sa-dihydrotestosterone (DHT: 49.9%), an- 
drostenedione (0.5%), testosterone propionate (TP: 0.13%), 
progesterone (0.09%) and corticosterone, estrogens and 
other androgens (less than 0.01%). Since blood samples were 
drawn prior to the daily administration of TP, and as the 
cross-reaction of the T-5/2 antibody to TP is minimal, we 
suggest that the RIA values reflect endogenous androgen 
levels. The discussion on the circulating levels of androgen 
in castrated, TP-treated doves is based on the assumption 
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TABLE 2 
RESPONSES OF INTACT MALES IN EXPERIMENT | 





Male Courtship Experienced Males Inexperienced Males Comparison between 


Behavior 


(E) 


(IE) 


E and IE Males 





Kah-call 


R-females Mean 
NR-females Mean 


20.8 
16.9* 


R-females Mean 15.8 
NR-females Mean 10.4+ 


R-females Mean ns 
NR-females Mean 0.05 


Hop-charge R-females Mean 20.1 


NR-females Mean _ 15.97 


R-females Mean 33.8 
NR-females Mean 33.5 


Bow-coo 


Pecking R-females Mean 2.6 


NR-females Mean 2.4 


R-females Mean 25.3 
NR-females Mean 18.2 


Nest-coo 


Wing-flip R-females Mean 151.8 


NR-females Mean 116.0 


R-females Mean 16.8 
NR-females Mean 9.9% 


R-females Mean ns 
NR-females Mean 0.05 


R-females Mean 24.9 
NR-females Mean 19.9 


R-females Mean ns 
NR-females Mean ns 


R-females Mean 2.5 
NR-females Mean 1.7 


R-females Mean ns 
NR-females Mean ns 


R-females Mean 12.6 
NR-females Mean 7.7 


R-females Mean 0.05 
NR-females Mean 0.01 


R-females Mean 81.4 
NR-females Mean 60.0 


R-females Mean 0.05 
NR-females Mean 0.01 





Frequence or duration in seconds of male courtship patterns in relation to male breeding experience 
(Experienced=E vs. Inexperienced=IE) and female receptivity (Receptive=R vs. Nonreceptive=NR). 

The means of male courtship behavior are based on pooled values from each individual. Comparisons 
between means were made by two-way analyses of variance, comparisons between R and NR were as 


follows: *denotes p<0.05 and *denotes p<0.01. 


N=24 experienced males and 24 inexperienced males. 


that identical doses of exogenous TP should add identical 
concentration to the plasma levels of androgen and therefore 
should not change the basic findings of RIA values between 
groups. Experimental schedule for behavior testing and 
blood-sampling for Experiments | and 2 are summarized in 
Table 1. 


Data Analysis 


Behavioral data (frequency and duration) were analyzed 
by two-way analysis of variance with respect to breeding 
experience and receptivity of stimulus females. This is done 
separately for each behavioral pattern. Mean score of each 
behavioral pattern is based on a pooled value over time for 
each subject. Effectiveness of steroid treatments was plotted 
against testing and treatment schedule, and group differ- 
ences (E and IE) were assessed by two-way ANOVA, fol- 
lowed by Wilcoxon paired-sample test for each test day. 

Serum levels of testosterone (RIA) were analyzed by 
Mann-Whitney U-tests for group differences (E vs. IE) on 
each sample day. The RIA value of intact males (Experiment 
1) and castrated males (Experiment 2) were analyzed sepa- 
rately. 


RESULTS 
Experiment | 


In this experiment we examined whether male courtship 
behavior is influenced by the males’ breeding experience and 
by the females’ receptivity. 

Table 2 shows the mean score of each behavior under four 
conditions (E-R, E-NR, IE-R and IE-NR). Of six male behav- 
ior patterns, only two were influenced by the receptivity of 
stimulus females: Kah-call and hop-charge. 

Effects of breeding experience on male behavior are more 
complicated. Experiential effect can be categorized into 3: 


(1) elevating the levels of performance regardless whether 
the stimulus females were receptive or not: nest-coos and 
wing-flipping, (2) elevating the levels of performance toward 
nonreceptive females: Kah-call and hop charge, and (3) no 
effect: bow-coos and pecking. 

RIA data show a significantly (p><0.05) higher circulating 
level of androgen in E males (mean=1.309 ng/ml+0.619) 
than in IE males (mean=0.880+0.415 on Day 5. 


Experiment 2 


In Experiment 1, the males’ breeding experience en- 
hanced courtship behavior in four of six displays, but only 
two of these four displays where experiential factor was in- 
dependent of receptivity of stimulus females. The E males 
also have significantly higher plasma concentrations of 
androgen. The possibility arises therefore that the different 
behavioral responsiveness observed in the E and IE males 
were a result of different androgen concentrations between 
them. To pursue this possibility in Experiment 2, circulating 
levels of androgen in the experimental males were controlled 
by castration and testosterone propionate (TP) replacement. 

Radioimmunoassay data (ng/ml): E males retained higher 
androgen titers after castration (Day 0: E=0.204+0.119 vs. 
IE: 0.029+0.070, p<0.05), but following 5 days of TP treat- 
ment androgen titers were equivalent in E and IE males 
(mean=0.313+0.238 vs. mean=0.282+0.324, p>0.05) and 
they remained so on Day 13 (E: mean=0.195+0.142, IE: 
mean=0.149+0.081, p>0.05). 

Figures 1-3 summarize the levels of courtship behavior of 
E and IE males during the course of TP treatments. Only 
BC, WF and NC were chosen for comparison because they 
are generally considered the most important courtship dis- 
plays. But more importantly, these are the behavior patterns 
that demonstrate dose-response relationships with testos- 





O one breeding experience - receptive females 

®@ no breeding experience - receptive females 

4 one breeding experience -nonreceptive femoles 
4 no breeding experience - nonreceptive females 


Mean frequency of nest - coos 








Test Days 


FIG. 1. Mean number of nest-coos in 10 min test period with 
stimulus females (receptive females) following castration and TP 
treatments between E and IE males. Group differences between E 
and IE over days were assessed by ANOVA, followed by Wilcoxon 
paired-sample test for each test day. *p<0.05, **p<0.01. 


Bow - coos 


2 one breeding experience - receptive females 
@ no breeding experience - receptive females 
4 one breeding experience - nonreceptive females 
4 no breeding experience - nonreceptive females 


Mean-number of bow- coos 





Test Days 
FIG. 3. Mean number of bow-coos in 10 min test period with 
stimulus females (receptive females) following castration and TP 
treatments between E and IE males. Statistical treatments are same 
as nest-coos in Fig. 1. 


terone [13]. There were no significant differences between E 
and IE males in the level of BC both before castration and 
throughout the treatment. E males display higher level of NC 
and WF than IE before castration and continued to do so 
during the entire TP treatment. Nest-coos were effectively 
abolished by castration and reappeared when TP treatment 
started (Fig. 1). In contrast, the group difference in WF con- 
tinued for 10 days after castration (Fig. 2). 

The mean levels of the nest-coo and wingflipping peak 
after 4 daily treatments (Day 5) in contrast to that of the 
bow-coo which has a maximum value at Day 13. This con- 
firms our previous findings [13], and suggests that breeding 
experiernce has no effect on the time course of these behav- 
ioral responses to TP treatment. 


Experiment 3 


Although treatments with testosterone propionate re- 
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Wing-flipping 


2 one breeding experience - receptive females 

®@ no breeding experience - receptive females 
4 one breeding experience - nonreceptive females 
4 no breeding experience - nonreceptive females ¢ 


Duration (sec) 








FIG. 2. Mean duration (sec) of wing-flipping in 10 min test period 
with stimulus females (receptive females) following castration and 
TP treatments between E and IE males. Statistical treatments are 
same as nest-coos in Fig. 1. *p»<0.05, **p<0.01. 
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FIG. 4. Median number of nest-coos in 10 min test period with 
stimulus females (receptive females) following castration and EB 
treatments between E and IE males. Comparisons between © and @ 
were done by ANOVA. 


instates all male behavior patterns, treatment with estrogen 
only reinstates nest-coos and wingflippings [3,9]. Since these 
are the same behavior patterns where breeding experience 
plays a role, it raises the possibility that the higher levels of 
nest-coos and wingflipping displayed by E males were due to 
the higher level of estrogen available for the brain of E than 
that of IE, even though the circulating levels of androgen in 
E and IE were the same. This explanation would predict then 
that treatments with estrogen in these castrated males (E and 
IE) should eradicate group differences in nest-coos and 
wingflipping displays. 

Results. The wingflipping is a component of the nest-coo 
display and often does not occur by itself frequently enough 
to apply statistical treatment, which is the case in this exper- 
iment. Thus, only nest-coo data will be presented (Fig. 4). 

Mann-Whitney U test shows no group difference between 
E and IE on the level of nest-coo display. The lack of group 
difference holds true when the comparisons were made on 
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Day 5 (after four EB treatments) when nest-coos reached the 
peak level (U=6, p=0.063), or Days 1-5 collapsed (U=8, 
p=0.123). Nest-coo levels after EB termination also show no 
group differences (Days 7-9, U=5, p=0.086. Note that the 
nest-coo began to drop despite continuing EB treatment 
(Day 6). 


DISCUSSION 


In this study, we are primarily concerned with whether 
breeding experience modulates the expression of hormonally 
mediated behavioral patterns, and if so, identifying the fac- 
tors contributing to this effect. Experiment | showed clearly 
that breeding experience does influence the intensity of 
courtship displays. Results in Experiment 2 further demon- 
strated that differential performance of nest-coos and 
wingflipping between Experienced and Inexperienced males 
could not be accounted for by differential circulating levels 
of androgen found between them. This differential perform- 
ance between groups disappeared, however, when estrogen 
rather than testosterone was available for the induction of 
nest-coo display (Fig. 4). A closer analysis reveals that this is 
due to a lower level of performance by the experienced male 
rather than an elevated level of performance by the inexperi- 
enced males. The mean peak level of nest-coos induced by 
TP and EB was 20 and 5.7 respectively. 

Since both testosterone and estrogen are effective in the 
induction of a male’s nest-coo display [3,9] and aromatase 
activity was detected in the male dove brain [23], Hutchison 
[10] hypothesized that testosterone must convert to estrogen 
in inducing the behavior. The present findings do not support 
this view: 50 wg EB (Fig. 4) resulted in much less than one 
half of the number of responses that was produced by 25 ug 
TP (Fig. 1) confirming, therefore, a previous finding [3] that 
testosterone is more effective than estrogen in the induction 
of nest-coos in the castrated males. Taken together these 
findings suggest that testosterone and estrogen actions rep- 
resent two effective channels through which nest-coo display 
can be expressed, with testosterone channel open to the in- 
fluence of breeding experience. 

That ‘‘experience’’ may play a role in the full expression 
of hormone-dependent behavior has previously been re- 
ported in the effect of prolactin on parental feeding [16], and 
the effects of progesterone on the induction of incubation in 
ring doves [19]. In these studies, however, the circulating 
levels of the hormones under study were not monitored. 
With this factor in control, the present study clearly demon- 
strates a role for breeding experience in the effectiveness of 
testosterone in eliciting nest-coo display. 
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Is there a hormone-behavior model in which we can pos- 
tulate (breeding) experience as one modifying factor? The 
popular hormone-receptor hypothesis describes behavior as 
the end result of biochemical events involving hormone bind- 
ings, gene expression and protein synthesis [18]. This hy- 
pothesis does not define when, where and how the stimulus 
plays a role in the induction of behavior nor does it explain 
how the process of protein synthesis can be translated into 
motor expression. We need a model that can incorporate the 
crucial elements of stimulus, hormone and motor response; 
we found the basic concept in Kandel’s sensitization model 
[12] very useful. Sensitization involves an enhancement of 
synaptic transmission at the synapse made by the sensory 
neurons on the motor neurons. Based on this scheme, we 
propose that hormones act in specific brain loci whose axons 
then exert excitatory inputs to the presynaptic terminals of 
sensory neurons that fire motor neurons. 

Another important concept is the reinforcement. 
Androgen can reverse dominance rankings (pecking order) in 
pigeons, if and only if peckings are practiced and reinforced 
(by food) during the androgen treatment [17]. We suggest 
that a similar learning process may underlie the androgen 
effect on the nest-coo display. What could be reinforcing the 
males’ nest-coo display? A female’s nest-coo response 
which self-stimulates her ovarian response [5] or breeding 
success inclusive of raising the young are possible candi- 
dates. 

In summary, the role played by breeding experience in 
androgen-dependent courtship behavior may be articulated 
as follows: androgen modulates the effectiveness of a 
stimulus female to elicit a male’s nest-coo display, through a 
mechanism similar in concept to Kandel’s sensitization 
model. This modulatory mechanism is enhanced through a 
learning process. Breeding experience, by reinforcing the 
nest-coo display, strengthens the androgen modulation of the 
stimulus (the female) to elicit the behavior. For subsequent 
reproductive cycles, therefore, the same level of androgen 
stimulation and stimulus female elicit a higher level of the 
behavior. 
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BABICKY, A., J. KRECEK, H. DLOUHA AND J. ZICHA. Endogenous vasopressin and the weaning period in Brattleboro 
rats. PHYSIOL BEHAV 36(4) 631-635, 1986.— Vasopressin, which is important for behavior and brain development, begins to 
influence osmoregulation with the onset of weaning. We studied the role of vasopressin in the development of feeding 
behavior since its mechanisms might be essential for the age determination of the suckling and weaning periods. Radionu- 
clide methods were employed to follow maternal milk, solid food and water consumption in developing Brattleboro rats. The 
appearance of solid food intake and the spontaneous extinction of maternal milk intake indicated the onset and the end of 
weaning. The absence of endogenous vasopressin did not influence the onset and/or the duration of the weaning period. 
Both vasopressin-deficient homozygous Brattleboro rats and their heterozygous littermates (with preserved vasopressin 
synthesis) began to consume solid food and water at the age of 16 days and their intake of maternal milk was terminated 
about the 27th day of age. Thus, the maturation of feeding behavior in the suckling and weaning periods is vasopressin- 


independent. 


Maternal milk consumption Food and water intake 
Weaning period onset and duration Diabetes insipidus 


Feeding behavior development 


Fluid intake pattern 





THE age of rats when weaning period begins or ends, can be 
estimated using the following criteria; the onset of solid food 
and water consumption [1,4], the end of maternal milk con- 
sumption [1], characteristic changes in the mother-offspring 
relations [23,26], etc. Young rats consume maternal milk as 
the only source of nutrition and water during the first two 
postnatal weeks, i.e., during the suckling period. The wean- 
ing period begins about the 15th day of life when the young 
rats open their eyes, their micturition and defecation reflexes 
mature [10], and they are able to survive after premature 
weaning [21]. At this time, the young rats also begin to con- 
sume solid food in addition to maternal milk [1,3]. Starting 
from day 15-16 of life, the suckling depends primarily on the 
activity of young rats whereas the suckling of younger off- 
springs is always initiated by the mother [27]. After the 14th 
day of life, the intensity of maternal retrieving abruptly drops 
[26]. At the same age, there appears a pheromone-mediated 
attachment between young and mother [23]. This pheromo- 
nal bond persists till the age of 27 days [23] when spon- 
taneous termination of maternal milk intake takes place in 
young rats [1]. Thus, the feeding pattern changes from an 
infant type to an adult one in the course of the weaning 
period, i.e., between days 15 and 28 of age. 

The transition from the suckling to the weaning period is 
accompanied by the onset of osmoregulatory action of vas- 





opressin [12, 18, 19, 20]. Vasopressin is known to be impor- 
tant in behavior [31] and brain functions [9, 14, 32] in adult 
animals. Moreover, this peptide could influence brain devel- 
opment in young rats [7,15]. Adult homozygous Brattleboro 
rats with a congenital defect in hypothalamic vasopressin 
synthesis [30] exhibit abnormalities of brain functions [11, 
14, 16, 29] and altered behavior [8, 33, 34] including abnor- 
mal pattern of fluid intake [22,28]. 

We studied the development of maternal milk, solid food 
and water consumption in vasopressin-deficient homozyg- 
ous Brattleboro rats and in their heterozygous littermates 
which are capable of vasopressin synthesis [30]. The finding 
of an altered maturation of feeding behavior and/or a shift of 
weaning in vasopressin-deficient rats would implicate the 
participation of this peptide in the age determination of the 
weaning period. 


METHOD 


Experiments 1-3 were performed on young Brattleboro 
rats reared under standard conditions (heterozygous female 
x homozygous male, 6-10 young rats in a litter housed with 
the mother until the age of 30 days, temperature 25+2°C, 
light regimen 12 hr:12 hr, standard pellet diet—Purina chow 
containing 1% NaCl). The occurrence of diabetes insipidus in 
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FIG. 1. Maternal milk consumption in heterozygous (non-DI) 
(hatched columns) and homozygous (DI) (open columns) Brattle- 
boro young rats aged 8-27 days. Top: The absolute amount of 
radioactive strontium transferred to individual rat pups (expressed 
in % of “Sr dose administered to the rat mother). Bottom: The 
transferred amount of radioactive strontium (in % of the total dose) 
related to body weight of rat pups. Data are Means+S.E.M. As- 


terisks indicate significant differences (p<0.05) between DI and 
non-DI rats. 


homozygous rats was determined by measuring their 24 hr 
water consumption at the age of 35-40 days. Animals with a 
daily water intake greater than 50% body weight were taken 
to be homozygous (DI) rats whereas heterozygous (non-DI) 
animals consumed less than 25% of their body weight per 
day. 

The consumption of maternal milk, solid food and water 
by the young rats was studied in the presence of their mother 
by radionuclide methods [2, 3, 4] which did not interfere with 
their growth and development. The nutrients and water were 
labelled with radionuclides and their intake was measured in 
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FIG. 2. Body weight of non-DI (full circles) and DI (open circles) 
Brattleboro young rats aged 6-27 days. Data are Means+S.E.M. X 
indicate significant differences (p<0.05) between DI and non-DI 
rats. 








individual rat pups by a whole-body radioactivity counting 
[24]. These techniques made it possible to determine the 
beginning and end of the weaning period irrespective of the 
number of young rats in the litter [2,3]. This was important in 
Brattleboro rats because their litters differed not only in the 
number of young rats but also in the proportion of DI and 
non-DI animals within a litter. 

Maternal milk consumption was measured by the transfer 
of “Sr with the mother’s milk [2]. This method is based on 
the fact that all strontium ions are absorbed from the gas- 
trointestinal tract and they are completely retained in the 
body of the young. The contamination of the young by the 
mother’s urine and/or saliva is negligible because the same 
results were obtained by whole-body counting of young rats 
as well as by measuring the radioactivity of their bones [1]. 
Thus the amount of transferred radioactive strontium, ex- 
pressed in % of the total dose given to the mother, indicated 
the amount of consumed milk. 

The consumption of solid food was determined from the 
intake of the diet labelled by *°*HgS. The intake of colloid 
'**Au-labelled water indicated water consumption. Neither 
mercury sulphide nor colloid gold are absorbed from the 
gastrointestinal tract, hence, they are not toxic to the 
animals studied and they do not recirculate between the 
mother and the young. The contamination of the pups with 
these radionuclides from mother’s feces was negligible be- 
cause we did not detect significant radioactivity of the young 
in the suckling period, i.e., prior to the onset of solid food 
and water intake [3,4]. 


Experiment | 


The intake of maternal milk was estimated in 16 DI and 16 
non-DI young rats on days 8, 13, 18, 21, 25 and 27 after birth. 
An amount of 2 «Ci “SrCl, was given subcutaneously to 
lactating females 24 hr before the measurement of the 
radioactivity of rat pups [2]. 
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FIG. 3. Solid food intake in non-DI (hatched columns) and DI (open 
columns) Brattleboro young rats aged 15-21 days. Data are 
Means+S.E.M. 


Experiment 2 


The consumption of solid food was determined in 9 DI 
and 18 non-DI young rats between the 14th and 21st day of 
life using ***HgS labelled diet (1 mCi ***Hg and 2 g HgS per | 
kg diet) [3]. 


Experiment 3 


Water intake was monitored in 14 DI and 23 non-DI 
young rats (kept with mother) between the 13th and 21st day 
of age. Colloid '**Au was stabilized in the drinking water by 
0.1% gelatine solution and its radioactivity was about | mCi 
'8Au per 1 | water [4]. 

The results were expressed as the means+S.E.M. If sig- 
nificant differences among groups were detected by one-way 
analysis of variance, data were evaluated by Student’s or 
Welch’s t-test. The linear regression of individual intake val- 
ues on the age of young rats was performed for both DI and 
non-DI animals. The slopes of regression lines obtained in 
these two groups were compared. Moreover, we also esti- 
mated the age at which zero intake of milk, solid food or 
water could be presumed on the basis of linear regression 
analysis. 
























































i me —_41__ di Z| 

13 14 5 16 17 8 9 20 
age in days 

FIG. 4. Water intake in non-DI (hatched columns) and DI (open 
columns) Brattleboro young rats aged 13-20 days. Top: Absolute 
water intake. Bottom: Water intake related to the body weight of rat 
pups. Data are Means+S.E.M. Asterisks indicate significant differ- 
ences (p<0.05) between DI and non-DI rats. 


RESULTS 
Experiment | 


Intake of maternal milk in both DI and non-DI rats 
reached a maximum in the 2nd and 3rd week of postnatal life. 
Spontaneous termination of maternal milk consumption oc- 
curred in rats of both genotypes towards the end of the 4th 
week (Fig. 1). At the period of maximal milk intake (13th and 
18th day of life), a significantly greater transfer of “Sr was 
observed in non-DI rats as compared to their DI littermates. 
This difference can be ascribed to higher body weight of 
non-DI young rats (Fig. 2). However, at the end of the 3rd 
post-natal week, a higher relative milk intake was found in 
DI young rats (Fig. 1). 

The transfer of “Sr (I;,) from the mother to the young 
(referred to their body weight) decreased linearly with the 
age of young rats. Regression analysis of individual values 
on the age (A) of animals indicated that the spontaneous 
decline in maternal milk intake was significantly steeper 
(p <0.05) in DI than in non-DI rats. Nevertheless, the age at 
which milk intake was terminated, was comparable in rats of 
both genotypes (DI rats: r=—0.938, n=90, p<0.0001, 
I,,=—1.439 A + 39.44, zero intake at the age of 27 days; 
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non-DI rats: r=—0.948, n=96, p<0.0001, I,,=—1.295 A + 
34.75, zero intake at the age of 27 days). 


Experiment 2 


The onset of solid food intake, which characterizes the 
beginning of the weaning period, falls in both DI and non-DI 
rats on the 16th day of life (Fig. 3). Thereafter, the consump- 
tion of solid food increases in rats of both genotypes in the 
same manner. 

Regression analysis of individual values of solid food in- 
take (I,,) on the age (A) showed an identical beginning and 
identical rise of solid food intake in young rats of both 
genotypes (DI rats: r=0.786, n=53, p<0.0001, I.,.=0.332 
A-—5.31; non-DI rats: r=0.659, n= 105, p<0.0001, I,,-=0.325 
A-—5.22; in both genotypes zero intake was at the age of 16 
days). 


Experiment 3 


Significant water intake was observed in both DI and 
non-DI rats from the 16th day of life. On this day both groups 
also began to differ significantly. The characteristic polydip- 
sia of DI rats developed during the course of weaning period 
(Fig. 4). 

Regression analysis of individual values of water intake 
(Iw) on the age (A) of young rats provided similar estimates 
of zero water intake for DI and non-DI littermates (15th day 
of life). The slope of increase in water intake with age was 
substantially greater (p<0.0001) in DI than in non-DI rats (DI 
rats: r=0.788, n=84, p<0.0001, I, =2.060 A—29.84; non-DI 
rats: r=0.533, n=137, p<0.0001, I, =0.125 A—1.86). 


DISCUSSION 


In Brattleboro rats, the weaning period begins on the 16th 
day and terminates about the 27th day of postnatal life, i.e., 
similar to Wistar rats [1]. The only difference was that 
non-DI Brattleboro rats consumed both solid food and water 
after the age of 16 days, while for Wistar rats, the onset of 
solid food intake preceded the onset of water consumption 
by two days [4]. The earlier onset of water consumption in 
non-DI rats might be due to a strain difference between Wis- 
tar and Brattleboro rats. Further experiments with 
**homozygous normal”’ Brattleboro rats (free of the DI gene) 
could elucidate the nature of this difference. 

The inborn lack of vasopressin in homozygous (DI) 
Brattleboro rats did not affect the beginning or the end of the 
weaning period since the onset of solid food intake as well as 
the spontaneous termination of maternal milk consumption 
took place in DI rats at the same age as in their non-DI 
littermates (with preserved vasopressin synthesis). The in- 
creased fluid consumption due to diabetes insipidus also did 
not affect the duration of maternal milk intake. These results 
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exclude the possibility that vasopressin might significantly 
participate in determining the age of weaning in the rat. 

The lower body weight of DI rats relative to their non-DI 
littermates was not due to lower milk consumption by DI rats 
in the suckling period. The differences in body weight be- 
tween DI and non-DI rats were already found at birth and the 
changes in postnatal nutrition could not eliminate this growth 
deficit [6]. The comparable intake of maternal milk in DI and 
non-DI rats in the suckling period is in good agreement with 
the results which indicate that during suckling period, milk 
intake depends solely on the filling of the stomach in the 
young rats [17]. 

The increase in water intake occurring during weaning is 
probably facilitated by the onset of the ability to lick water. 
Air-licking, an analogous behavior, increases in frequency in 
young rats between the 18th and 23rd day of life and fully 
matures at the age of about 30 days [25]. Therefore, not only 
the disturbance of the osmoregulatory response of DI rats to 
dehydration [12,13] but their polydipsia also develops only 
during the course of the weaning period. Water intake in- 
creased from the beginning faster in DI rats than in non-DI 
animals indicating an altered fluid intake pattern of DI rats 
even in the weaning period. A possible cause of this rapidly 
increasing water intake could be the increased plasma osmo- 
larity observed in young DI rats [13]. This is an important 
difference in comparison with the suckling period in which 
feeding behavior of DI rats was not influenced by profound 
alterations of water and electrolyte metabolism. 

The very low water intake of non-DI rats in the weaning 
period could be explained by their greater preference for 
maternal milk, described earlier for Wistar rats of this age 
[21]. Milk preference probably caused the transient increase 
of milk intake observed in DI rats aged 21 days because the 
increased fluid loss of DI rats could already be covered by 
increased water intake at this age. The rapid decline of ma- 
ternal milk intake in 4-week-old DI and non-DI rats argues 
against the role of vasopressin in the spontaneous extinction 
of maternal milk preference occurring during the weaning 
period. We must also point out that neither the high water 
intake (this study) nor the high consumption of solid food [5] 
is the stimulus for the termination of maternal milk intake at 
the end of the 4th postnatal week. The most probable cause 
is the gradual extinction of oral mechanisms of suckling 
which is dependent on the degree of maturation of the young 
rats. This is accompanied by a gradual onset of adult feeding 
behavior. The absence of vasopressin does not influence this 
maturation process which is essential for the age determina- 
tion of particular developmental periods. 
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SWIERGIEL, A. H. AND D. L. INGRAM. Effect of diet and temperature acclimation on thermoregulatory behaviour in 
piglets. PHYSIOL BEHAV 36(4) 637-642, 1986.—Piglets were weaned at 14 days and acclimated to 10 or 35°C and kept 
either on a low or a high plane of nutrition. After 2 and 3 weeks of acclimation their operant thermoregulatory behaviour 
was observed at 15°C. The pigs which had been living at 10°C obtained more radiant heat than those from 35°C and the 
animals on a low energy intake obtained more reinforcements than those on a high intake. There was no interaction 
between temperature and diet indicating that these two variables exerted their influence independently. Pigs tested 22 hr 
after a meal obtained more heat than when tested | hr after a meal. Rectal temperature before the test was significantly 
lower in the animals reared at 10 than at 35°C, but the difference had disappeared at the end of the trial. By contrast, the 
pigs kept on different planes of nutrition had the same rectal temperatures before the test trial but afterwards the animals on 
a high diet had higher rectal temperatures. Body temperatures seemed to be the factor which influenced the demand for 
heat. The role of thermal comfort, body size, diet induced thermogenesis and separate sets of controls for autonomic and 


behavioural thermoregulatory responses in operant thermoregulatory behaviour is discussed. 


Thermoregulatory operant behaviour 


Temperature acclimation 


Diet acclimation Piglets 





THE early quantitative studies of thermoregulatory be- 
haviour in mammals began with experiments of Weiss [34], 
Weiss and Laties [35] and Carlton and Marks [12] who em- 
ployed a system in which rats pressed a lever in order to 
obtain radiant heat as a reinforcer in a cold environment. 
Similar systems have since been used in other species [1, 4, 
9, 14]. It has been established that both peripheral skin tem- 
perature and deep body temperature, including the tempera- 
ture of the hypothalamus and the spinal cord, are important 
in the control of this type of thermoregulatory behaviour [1, 
3, 5, 8, 11, 31, 35]. In addition it has been shown in the rat 
that the duration of food deprivation [21], ingestion of a meal 
[23], level of food intake [4,34] nutrient composition [22], 
and the previous thermal history [4,24], are also of signifi- 
cance in modifying the amount of heat obtained under given 
conditions. However, studies of the effect of previous ther- 
mal experience and a possible temperature acclimation on 
thermoregulatory behaviour led to conflicting results [14]. 
Thus, several researchers reported that when rats and mice 
were subjected to continuous or intermittent cold exposure 
the rate at which they worked for heat decreased as daily 
testing progressed [9, 29, 32]. They did not discuss, how- 
ever, the possibility of an increase in non-shivering ther- 
mogenesis. In contrast, Baldwin and Ingram [4] found that 
young pigs which had been reared for two weeks at 5°C 
worked for more heat at 10°C than litter mates which had 
been living at 30°C. This is also true even if the animals kept 
in the cold had the same body weights as those in the warm. 
This finding was subjected to some criticism [14] but was, 
nevertheless, confirmed by Heath [24] who kept piglets at 10 


or 35°C for 6 weeks from the age of 14 days and observed 
their operant thermoregulatory behaviour at 15°C. In that 
study [24], however, the pigs were fed ad lib with the result 
that the pigs at 10°C ate twice as much as those at 35°C. 

Experiments have since been carried out in which early 
weaned piglets have been kept at two environmental tem- 
peratures, and given two food intakes at each temperature. 
These studies have shown that both temperature and food 
intake have independent influences on some parameters, 
whereas for others there is a significant interaction. Thus 
morphological appearance depends on environmental tem- 
perature [18], but the body composition particularly in rela- 
tion to fat, on the other hand, depends mainly on food intake 
[17]. Peripheral and deep body temperatures are influenced 
both by the environmental temperature at which the animals 
have been living and the food intake, but the resting 
metabolic rate at thermal neutrality depends on energy in- 
take alone [30]. Metabolic rate however, interacts with en- 
vironmental temperature so that the effect of energy intake is 
much greater for animals living in the cold. In view of these 
findings it was considered necessary to investigate be- 
havioural thermoregulation further in a study in which food 
intake was controlled in both hot and cold environments in 
order to determine whether there was also an interaction for 
thermoregulatory behaviour. The early weaned piglet is a 
particularly suitable subject for this type of experiment since 
both the behavioural and autonomic thermoregulatory 
mechanisms are fully developed and, unlike many other 
species young pigs tolerate a wide range of environmental 
temperatures and energy intakes. 





TABLE 1 
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MEAN NUMBER (+SD) OF REINFORCEMENTS RECORDED IN 90 MINUTES AT 15°C, 22 HR 
AFTER OR | HR AFTER A MEAL IN PIGS LIVING IN THE WARM (35°C) OR COLD (10°C) ON A 
HIGH (H) OR LOW (L) PLANE OF NUTRITION 





Group* 
Time since* 
last meal 


35L 


22 hr 1 hr 


10H 


22 hr 1 hr 


10L 


22 hr 1 hr 





Trial I after 
two weeks 
acclimation 


Trial II after 
three weeks 
acclimation 


371 297 
+78 +69 


p<0.01 
356 265 
+68 +118 

p<0.05 


378 294 
+74 +51 
p<0.05 
344 229 
+74 +39 
p<0.001 


p values from the two-way analysis of variance 


513 401 
+62 +69 
p<0.01 


509 397 
+88 +64 
p<0.05 


Time since last meal—D: 
difference between 
“or & “th” 


Living 
temperature—T 


Plane of 
nutrition—N 


Interaction 


22 hr 1 hr 22 hr 1 hr N TXxN 





Trial I 
Trial II 


<0.001 <0.01 
<0.05 <0.05 


<0.001 <0.01 
<0.05 <0.01 


Interaction T x N 


Trial I n.s. n.s. 
Trial II n.s. n.s. 





*Number of observations in groups was 5, except group 35H where it was 6. 
*Paired t-test for differences within groups, between ‘*22 hr’’ and *‘1 hr’’ after a meal. 


METHOD 


Animals and Acclimation Procedure 


Twenty two piglets of the Large White breed from 6 litters 
were investigated. Animals of both sexes were weaned at 14 
days and transferred to the temperature controlled room 
with initial temperature of 27°C. Half the litter was kept in a 
room which was cooled gradually over 14 days to 10°C (10) 
and the other half in a room which was warmed to 35°C (35) 
over the same period. At each room temperature, half the 
litter mates were fed a low energy intake (L) and the other 
half a high (H), such that the high energy intake was twice as 
large as the low one. Four groups, 35H, 35L, 10H, 10L, were 
thus created. Details of the energy value of the diet (Super 
Kwik Start Pellets, RHM Agriculture, Essex, UK 19 kJ/g), 
and the actual amount of food given at each age have been 
published previously [18]. Briefly, the amount of food given 
was adjusted every three days in order to maintain continu- 
ous slow growth of the 10L piglets. The ratio of H:L was 
always 2:1, and for piglets at 35°C (35H), the high food intake 
was close to ad lib. The amount of food eaten by 10L animals 
equalled 4.5% of their body weight. All pigs were fed once a 
day either at 0900 or 1300 and had usually finished their meal 
within an hour. A 2-hour feeding period was nevertheless 
allowed to remove any possible effect due to differences in 
rate of eating in individual pigs. The animals had access to 
water at all times. 

Piglets were housed singly in cages similar to that in 
which they were subsequently trained to obtain radiant heat 


and continuous illumination was applied. Under these con- 
ditions it has been established that circadian rhythms in 
thermoregulatory behaviour and activity of young pigs de- 
pend mainly on the time of feeding [27,28]. 


Test Apparatus and Experimental Design 


During the first 8 days of acclimation the animals were 
placed in a cage containing a switch panel. A bank of 10 
infra-red heater lamps of total power 2.75 KW was sus- 
pended above the cage [3]. When the pig pressed the lever 
with its snout, the heater over the animal’s back was turned 
on for 6 sec. Responses made while the heater was on had no 
effect. A fixed ratio of 1:1 was used, which provided a con- 
tinuous reinforcement (CRF) schedule. Each pig was given 
six training sessions of 1—2 hours before and immediately 
after feeding, after which time all the animals turned the 
heater on at a steady rate. 

Both training and experimental sessions were performed 
inside a temperature controlled room, maintained at 15°C. At 
that temperature the animals were motivated to work for 
heat, but did not adopt a cold defensive position which 
would have been incompatible with making responses. Care 
was taken to keep the distance between the piglet’s back and 
infra-red bulbs constant as the animals grew during the ex- 
perimental period. 

After at least 14 days at the final acclimation temperature 
and two weeks after the last training session, the definitive 
trials of 90 mins at the test temperature were begun. Num- 
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FIG. 1. Average body weight (kg) of all groups throughout the exper- 
iment. The closed symbols=high, and the open symbols=low plane 
of nutrition; circles=warm, and triangles=cold adapted groups. 


bers of responses and reinforcements were recorded every 5 
minutes. These trials took place either 22 hr after a meal, or 
on a different day | hr after a meal. The pigs were subjected 
to each of the test conditions twice. The first time after 
spending on average 15.5 days at their final acclimation tem- 
perature. The second trial was performed on animals which 
had been acclimated for an average of 23 days. Two trials 
were performed in order to determine whether the behaviour 
changed with age or length of acclimation. 


Body Temperature 


Rectal temperature was measured by insertion of a ther- 
mistor probe to a depth of 5 cm. The temperatures on the 
pinna of the ear, the middle of the back and on the inner 
surface of the hind leg were measured by means of thermis- 
tor probes attached to the skin with surgical tape im- 
mediately before measurements. All measurements were 
taken before and after each trial. 


Statistical Analysis of Results 


The results were subjected to a two-way analysis of vari- 
ance with temperature of acclimation, plane of nutrition, and 
time since the last meal as the main effects. Paired Student's 
t-test, and Duncan’s new multiple range test for all post-hoc 
comparisons between pairs of means, were used (Table 1). 
In addition, the variation in the rate at which the heater was 
turned on during the course of the trials was examined. The 
regression coefficients relating number of reinforcements ob- 
tained in each 5 min period of the 90 min trial were found by 
the method of least squares, and these coefficients were 
examined by the analysis of variance. Regression of total 
number of reinforcements on initial rectal temperature or 
body weight was also calculated. The Pearson product- 
moment correlation coefficients were calculated on the 
pooled data of all four groups between number of reinforce- 
ments and: rectal temperature, back skin temperature, and 
body weight. The body temperatures used in the calculation 
were those determined at the beginning of the trial. 
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Total reinforcements 
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FIG. 2. Mean numbers (+SD) of heat reinforcements recorded in 90 
min at 15°C — 22 hr (open bars) or | hr (hatched bars) after a meal. 
Trial | (—)—2 weeks acclimation; Trial II (—)}—3 weeks acclima- 
tion; superimposed diagrams. Differences within groups, between 
**22 hr’’ and “‘! hr’’ after a meal were significant (9<0.05) for all 
groups except 35H, II trial group. For statistical analysis refer to 
Table 1. 


RESULTS 


As expected the plane of nutrition at which piglets had 
been living had a marked effect on their growth and appear- 
ance. For the animals living at 10°C the low intake was only 
just sufficient to allow growth, and they should therefore be 
regarded as undernourished. For those at 35°C on a high 
intake the energy intake was close to ad lib and these animals 
grew rapidly. The high intake at 10°C enabled the animals to 
grow at a similar rate to those at 35°C on a low intake. By the 
time the first trials were carried out the four groups of piglets 
had different body weights. 35H were heaviest, 10L the 
lightest and 35L and 10H were intermediate (Fig. 1). Both 
temperature and nutrition affected growth (p<0.001) and in- 
teraction between temperature and diet was negligible. After 
three weeks at the final living temperature the difference in 
the animals’ appearance was even more pronounced and was 
characteristic for young pigs reared under these conditions 
[17, 18, 30). 


Amount of Radiant Heat Obtained 


The results of the trials are summarized in Fig. 2. Both the 
first and second trials gave similar results, but slightly more 
reinforcements were obtained by the animals when they 
were younger. The analysis of variance revealed that the 
main effects were all statistically significant, such that the 
overall effect of living temperature was that pigs from 10°C 
obtained more reinforcements than those from 35°C 
(p <0.05). Animals on a low energy intake also obtained more 
radiant heat than those on a high intake (p<0.05) regardless 
of whether they were tested 22 hr after or | hr after a meal. 
There was a high negative correlation between the number of 
reinforcements obtained in the 90 min trial and body weights: 
r=—0.76 (p<0.001), and r=—0.77 (p <0.001), for the trials 22 
hr or | hr after a meal, respectively. When pigs were tested 
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TABLE 2 


RECTAL TEMPERATURE (°C) DURING OPERANT HEATING TRIALS AT 15°C, 22 HR AFTER OR 1 HR 
AFTER A MEAL IN PIGS LIVING IN THE WARM (35°C) OR COLD (10°C), ON A HIGH (H) OR LOW (L) 
PLANE OF NUTRITION. TRIAL II 





Group 35H 35L 


10L (df) 





22 hr after a meal 





f 


Before trial 39.1 + 0.2 





' 
39.1 + 0.3 


After trial 


1 hr after a meal 
Before trial 
After trial 


39.3 + 0.4 
39.1 = 0.1 


39.0 + 0.6 
38.9 + 0.2 


39.4 + 0.3 


(3,18) 7.269, p<0.01 


(3,17) 9.852, p<0.01 


(3,16) 
(3,15) 


3.099, p>0.05 
1.653, p>0.05 


p values from the two-way analysis of variance 


Living 
temperature—T 


22 hr 1 hr 22 hr 


Plane of 
nutrition—N 


Interaction 
TxN 


1 hr 22 hr 1 hr 





Before trial 

After trial 

Change during 
a trial 


<0.01 <0.05 
<0.05 n.s. 
<0.05 


<0.05 
<0.001 
<0.01 n.s. 


n.s. 


<0.05 


n.s. 





Values are means + SD; paired /-test and analysis of variance where appropriate; values bridged by a continu- 
ous horizontal line are not significantly different from each other at the 0.05 level (Duncan's new multiple range 


test). 


immediately after a meal, they always obtained significantly 
less heat than when they were tested 22 hr after the last meal. 
The decrease in the actual number of reinforcements was the 
same for all groups, regardless of temperature or diet. How- 
ever, when expressed as a percentage decrease, it was much 
more pronounced in animals from the warm or on a high diet, 
than in those from the cold or on a low diet. 

None of the interactions was significant, that is to say the 
effect of plane of nutrition was similar for pigs living at 10 
and 35°C. The effects of living temperature, and plane of 
nutrition were similar for tests carried out just after a meal, 
and 22 hr after eating. During the trials the rate at which 
reinforcements were obtained decreased slowly. Analysis of 
variance of the rate at which this decline occurred showed 
that pigs from 10°C decreased the rate of working for heat 
more rapidly than those from the 35°C. Energy intake as 
food, and time since the last meal had no significant effect, 
nor was there any significant interaction between the main 
effects. 


Body Temperature 


The body temperature of piglets belonging to different 
groups displayed consistent differences which were most 
pronounced 22 hr after the last meal. The mean values for 
rectal temperature (T,,) for Trial I] are shown in Table 2 
where it can be seen that T,, was significantly affected by 
living temperature, and also, to some extent, by a plane of 
nutrition. Exposure to 10°C or a low food intake were asso- 
ciated with a significantly lower T,,. at the beginning of a trial. 
During the trials rectal temperature changed significantly 
such that the values of T,,. for animals normally kept in the 
cold tended to rise, whereas for those kept in the warm they 


decreased slightly. The differences in T,,. between piglets 
which had been living at 10 or 35°C thus tended to decrease, 
particularly between those on a low food intake. 

The effects of the two different food energy intakes on T,,. 
were less pronounced, but the overall effect of a high plane 
of nutrition tended to be associated with a higher rectal tem- 
perature, particularly when it was measured 22 hr after the 
last meal. At the end of the trials, animals on a high intake 
again tended to have a higher T,,. than their littermates on a 
low intake. The same effects of living temperature and plane 
of nutrition on rectal temperature were also apparent during 
the first trial. 

Correlation coefficients between rectal temperature be- 
fore the trial and number of reinforcements during the trial 
were: r=—0.68, (p<0.001) and r=—0.61 (p<0.01), for trials 
22 hr and | hr after meal, respectively. At the end of the 
trials, an average T,, for all groups, except 10L 22 hr after a 
meal, was 39.0+0.2°C (mean+sd). Extrapolation of the 
straight line regression of number of reinforcements on rectal 
temperature might suggest that the influence of the time 
since the last meal on the rate of working for heat decreases 
with decreasing rectal temperature until at T,,. of 37°C the 
time since the end of the last meal no longer has any influ- 
ence. 

Pigs which had been living at 10°C had lower tempera- 
tures on the back skin of the inner surface of the hind leg than 
those from 35°C, but the differences were not statistically 
significant. No correlation was found between these tem- 
peratures at the beginning of the trials and rate of working for 
heat. After a trial the values for skin temperature were a little 
higher, but again the difference was not significant. Pigs 
which had been living at 35°C had higher temperatures on the 
pinna of the ear at the beginning of the session, than the pigs 
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from 10°C. During the trial the ear temperature of the 35°C 


pigs decreased while those of the 10°C animals increased 
significantly. 


DISCUSSION 


When the results of the present experiment were sub- 
jected to the analysis of variance there was no evidence of a 
significant interaction between the effects of living tempera- 
ture and food intake. For these reasons it is concluded that 
these two factors most probably exert their influence on 
thermoregulatory behaviour independently. 

Possible explanations for the differences in behaviour be- 
tween the experimental groups will be discussed in relation 
to: (a) body weight and food intake, (b) critical temperature, 
thermal insulation and metabolic rate, and (c) body tempera- 
ture, thermal comfort and the separate sets of controls for 
behavioural and autonomic thermoregulatory responses. 

The high negative correlation between body weight and 
the frequency with which reinforcement occurred suggested 
that the size of the animal is important in determining its heat 
requirement. A similar relation has been observed in rats [12] 
and in mice [10], and one explanation is that larger animals 
expose a greater area directly under the heater and hence 
need a lower rate of reinforcement. However, the ratio of 
exposed area to total body weight would be greater in small 
animals and thus it is the small animals which would be 
expected to need the lower rate of reinforcement. A more 
probable explanation is that the smaller pigs in the present 
study were relatively underfed. It has been shown that 
animals deprived of food not only perform tasks linked with 
feeding faster than well-fed animals [36], but also display 
increased general activity even when this is not reinforced by 
feeding [19]. In the long-term the relative under-feeding of 
the animals kept in the cold, or on a low food intake seems to 
have contributed to their greater demand for heat. In the 
short term the rate at which reinforcement was obtained was 
affected by the time since the last meal in all groups, but this 
effect was not significantly different in relation to either level 
of food intake or temperature of acclimation. 

Mammals tend to choose an environment which is within 
their thermally neutral zone [5]. In the pig the greater differ- 
ence between the ambient temperature of the test environ- 
ment and the critical temperature the harder the animal 
works for heat [2], and moreover, the pig obtains sufficient 
heat to keep its metabolic rate near the resting rate at thermal 
neutrality [3]. The value of the critical temperature in any 
mammal depends on its thermal insulation and the resting 
metabolic rate [5]. Pigs kept under similar conditions to 
those in the present study had more subcutaneous fat when 
kept at 35 than 10°C and more on a high than on a low food 
intake [17]. Thermal insulation is likely to be correlated with 
subcutaneous fat and hence be greatest in animals from the 
35H group and least in those from the 10L group. The resting 
metabolic rate in pigs at thermal neutrality is also influenced 
by the amount of energy intake [13,16] and is highest in 
animals on a high food intake. The combination of these 
factors would lower the critical temperature of the animals in 
the 35H groups both because of the extra insulation and the 
higher metabolic rate, and raise it for animals in the 10L 
groups because of a low insulation and low metabolic rate. In 
the animals from the 35L and 10L groups the two factors 
oppose each other and critical temperature will thus be ex- 
pected to fall close to that for 35H group. These trends were 
seen before [25,30] and the greater rate of demand for radiant 
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heat by the pigs from the 10L group compared with those 
from the 35H groups in the present study probably stems at 
least in part from the difference between their critical tem- 
peratures and the test ambient temperatures of 15°C. 

Motivated behaviour may be partly hedonistic [20] and it 
has been shown that sensations of pleasure are important 
determinants of thermoregulatory behaviour in man [7]. In 
man, a thermal stimulus is regarded as pleasant when it 
facilitates the return of the deep body temperature to its 
normal value, or prevents any further changes [11]. A sub- 
ject seeking a pleasant thermal stimulus is thus engaging in 
an attempt at homeothermy and may regard the same skin 
temperature as pleasant or unpleasant depending on the deep 
body temperature at the time. The sensation of thermal com- 
fort depends on the integration of peripheral and central 
thermal inputs [26]. In such a system small changes in skin 
temperature or rectal temperature would be expected to in- 
fluence thermoregulatory behaviour. The present results 
suggest that animals from all groups used operant behaviour 
to drive the rectal temperature towards 39°C. The pigs in the 
10L group tested before feeding had quite a low rectal tem- 
perature and might therefore have been expected to demand 
most heat. Animals in the 10H group before and after feed- 
ing, and those in the 10L group after feeding had only slightly 
lower rectal temperatures than 35H and L groups, but this 
small depression may have contributed to their demand for 
external heat. Pigs which had been kept at 35°C, tended to 
maintain or slightly reduce their deep-body temperatures 
during the tests and for this reason may have demanded less 
heat. One possible adaptive modification of the thermoregu- 
latory system as a result of exposure to cold is a shift in the 
set point of deep body temperature [26]. In similar groups of 
pigs to those studied in the present experiment Macari et al. 
[30] found that animals from the 10L group particularly ap- 
peared to have a lower rectal temperature threshold for au- 
tonomic thermoregulation. However, as discussed by 
Dauncy [15] the set points for behavioural and autonomic 
thermoregulation may not be the same. Under-feeding, or 
exposure to cold may cause the set point for autonomic 
thermoregulation to be lowered, but whenever there is an 
opportunity the animal will still increase its body tempera- 
ture by behavioural means. 

Clearly, the factors discussed above are closely interre- 
lated, i.e., a small body size is correlated with low thermal 
insulation which in turn may help to bring out an adaptive 
change in the set point for autonomic thermoregulation. A 
possible test of the hypothesis that separation of the set 
points is a factor determining the demand for radiant heat 
could be to measure the heat requirement of animals in 
which the temperature of the thermosensitive regions deep in 
the body core is changed by means of thermodes. Under 
these conditions it would be expected that animals from all 
the groups studied in the present experiment would demand 
similar amounts of heat. The questions which remain are: to 
what extent can lack of food be overcome by thermo- 
regulatory behavior, and whether any motivation to eat also 
motivates thermoregulatory behaviour. 
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tration (1.0, 2.0, or 3.0 g/kg, IP) on motor coordination was measured by the aerial righting reflex. Ethanol in doses of 2.0 
and 3.0 g/kg produced significant impairment of motor coordination with corresponding elevated blood ethanol levels. The 
rate of ethanol dissappearance from the blood was 0.32+0.03 mg/ml/hr. Functional tolerance to the effect of ethanol on 
motor coordination and hypnosis (sleep time) was produced in rats by a 24 hr period of exposure to ethanol vapor (28 
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acute ethanol (3.0 g/kg, IP) and other animals exhibited a reduced sleep time from ethanol (4.0 g/kg, IP) when they were 
compared with controls. The rate of ethanol elimination from the blood was unchanged in ethanol vapor treated animals 
(0.30+0.01 mg/ml/hr) and air-treated animals (0.33+0.02 mg/m\l/hr). 
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VARIOUS methods of ethanol exposure indicate that 
tolerance to several behavioral effects of ethanol such as 
locomotor activity, impairment of motor coordination, and 
sleep time can be shown in animals. The term, tolerance, 
refers to a condition of decreased responsiveness which is 
acquired after prior or repeated exposure to a given quantity 
of a drug [16]. Tolerance to both the activating and de- 
pressant effects of ethanol on locomotion as well as 
tolerance to the hypnotic effect of ethanol in mice are re- 
ported after seven days on a liquid ethanol diet [23]. In mice, 
ethanol inhalation for various time periods produces 
tolerance to behavioral effects of ethanol [9, 10, 11]. 

In another study [13], rats are administered ethanol by 
daily gavage for up to 42 days and tolerance to motor im- 
pairment is assessed by a moving belt apparatus. In addition, 
others [6,15] show that tolerance to the impairment of motor 
coordination is present in animals after 2 weeks of a liquid 
ethanol diet. Another procedure involves an ethanol inhala- 
tion method to produce functional tolerance to ethanol as 
assessed by changes in body temperature [4]. Rats are ex- 
posed to vapor in a chamber for 24 hr and become func- 
tionally tolerant to the acute hypothermic effect of ethanol 
when ethanol is injected 48 hr after removal from the 
chamber. 

Since other procedures demonstrate tolerance to motor 
impairment and hypnosis from ethanol administration in 
rats, this study examines the use of a short period of ethanol 





exposure (24 hr) to determine if functional tolerance to the 
effects of ethanol on motor coordination and sleep time 
(hypnosis) could be produced in rats using an inhalation 
method. Longer exposure periods to ethanol cause an en- 
hanced clearance of ethanol from the blood, indicating 
possible metabolic tolerance [3]. 


METHOD 
Animals and Chemicals 


Male Sprague-Dawley rats (180-220 g) were obtained 
from Charles Rivers Laboratories, Inc. (Wilmington, MA) 
and were housed 6 to a cage for 1 week at 22+ 1°C with a light 
cycle from 6:00 a.m. to 6:00 p.m. prior to experimentation. The 
animals had free access to Purina Laboratory Chow (Ralston 
Purina Co., St. Louis, MO) and water; however, they were 
fasted 18 hr prior to drug or saline administration but water 
was available ad lib. The bedding used in the cages was 
ground corn cob, 1/8 in. (Anderson Cob Division, Maumee, 
OH). Ethanol solutions (10 or 20% w/v) for injection were 
prepared from 95% ethanol. 


Acute Experiments 


A procedure described previously [6, 7, 15] was used to 
measure the alteration in the aerial righting reflex as an index 
of motor coordination in rats. Briefly, the rats were held in 
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an inverted position above a foam rubber mat and released at 
increments of 5 cm, measured by an adjacent meter stick. 
The minimum height of 5 cm and the maximum height of 50 
cm were used as limits. The minimum height that the animal 
could successfully right himself on two consecutive releases 
was used as an index of motor impairment (usually 5 cm for 
control animals). A successful righting required that only the 
four paws touched the mat upon landing. The maximum time 
required to test an animal at multiple heights was 10-20 sec. 
As noted in trial experiments (data not included), the heights 
remained constant when animals were tested at several 5 min 
intervals, suggesting that learning behavior was not a major 
influence when repeated testing was required. 

To note the effect of ethanol on motor coordination, 
animals were administered (1, 2, or 3 g/kg, IP) or saline (0.9% 
NaCl solution) one hr prior to testing. Each animal was bled 
immediately after testing that required 10-20 sec. Therefore, 
all animals were bled at the same time period. From each 
animal, samples of orbital sinus blood (20 ul) were obtained 
for ethanol content using an enzymatic method [17]. These 
procedural details have been described elsewhere [2]. 

In another group of animals, blood ethanol concentrations 
were determined at 0.5, 2.5, 3.5, and 4.5 hr for each animal 
following ethanol injection (4 g/kg, IP). Linear regression 
analysis was used to determine the elimination of ethanol 
from blood [22]. 


Functional Tolerance Experiments 


Animals (group of six) in the chamber were exposed to 
ethanol vapor (nominal concentration: 28 mg/liter) by 


inhalation for a period of 24 hr. Briefly, ethanol (95%) was 
delivered into a warmed flask (40°C) by an infusion pump 


(Harvard Apparatus Peristaltic Pump) at a calibrated rate of 
150 mg/min. An air flow of 5.35 liters/min through the flask 
maintained an ethanol vapor concentration of 28 mg/liter in 
the chamber, a value selected from previous work [4]. A two 
stage regulator valve and a Gilmont flow meter controlled 
the air flow. Temperature inside the chamber was 25+1°C. 
Ethanol vapor concentration was assayed twice daily in 
duplicate by the same enzymatic method as the blood 
samples at 4 hr into the procedure and at 24 hr. Air (0.3 ml) 
was obtained through a sampling port in the chamber with an 
air-tight syringe (Hamilton) and injected into the head space 
of stoppered tubes containing reaction mixture [17] and 50 pl 
of distilled water, as described elsewhere [8]. Food and 
water were available during the period of ethanol vapor 
exposure. Control animals were exposed to air only in the 
chamber, as previously described for ethanol-treated 
animals. Food was restricted to match that consumed by the 
ethanol treated animals in order to reflect the weights 
attained by the treated group [4, 20, 21]. 

At the conclusion of the 24 hr inhalation period, animals 
were removed from the chamber and housed 6 to a cage prior 
to acute experiments. Blood samples (20 ul) were obtained 
from some ethanol-vapor treated animals at 0, 2.5, 3.5, 4.5, 
and 5.5 hr after removal from the chamber to determine the 
rate of ethanol dissappearance from the blood by linear re- 
gression analysis. Animals were observed for 8 hours after 
removal from the chamber for the following signs of with- 
drawl: spontaneous convulsions, convulsions upon handling, 
piloerection, wet shakes, blanched ears, or gnawing [2]. 

Forty-eight hr after removal from the air or ethanol 
vapor-infused chamber, the animals were assessed for func- 
tional tolerance to the effects of acute ethanol on motor 
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TABLE | 


EFFECT OF ACUTE ETHANOL ADMINISTRATION (IP) ON AERIAL 
RIGHTING 60 MINUTES AFTER INJECTION 





Ethanol Dose 
(g/kg) N 


Blood Ethanol 
(mg/ml) 


Height of Aerial 
Righting (cm) 





0.0* 0.00 

1.0 0.71 + 0.06 
2.0 1.57 + 0.19 
3.0 2.48 + 0.06 


5.3 + 0.37 
8.0 + 1.2 
17.5 = 3.2% 
35.0 + 2.7% 





*Saline administered to controls. 

+Means + S.E.M. 

tSignificantly different from controls (p<0.01; ANOVA followed 
by Dunnett’s test). 


coordination and sleep time. Sleeping time was used as an 
index of ethanol-induced hypnosis and was measured as the 
time interval between the loss of the righting reflex after 
ethanol injection (4 g/kg, IP) and the gain of the righting 
reflex. The gain of the righting reflex required that the animal 
be able to re-right himself within one minute, after again 
being placed on his back. For the measurement of motor 
coordination, the animals previously exposed to air (con- 
trols) or ethanol vapor for 24 hr were given ethanol (3 g/kg, 
IP) or saline injections. This dose was found to cause signifi- 
cant motor impairment without hypnosis, while an increase or 
decrease in degree of motor impairment could be easily dis- 
tinguished. For the measurement of sleep time, other 
animals previously exposed to air or ethanol vapor were 
administered ethanol (4 g/kg, IP). Blood samples were ob- 
tained at the end of the sleep time. 

In another experiment to assess any alteration in the disap- 
pearance rate of ethanol from blood, animals previously ex- 
posed to air or ethanol vapor for 24 hr were administered 
ethanol (4 g/kg, IP) at 48 hr after removal from the chamber. 
Blood ethanol concentrations were determined at 0.5, 2.5, 
3.5, and 4.5 hr. 


Statistical Analysis 


Significant differences were determined by analysis of 
variance (ANOVA). All multiple comparisons with a control 
were done by ANOVA followed by Dunnett’s test [1]. All 
data were analyzed using an Apple Ile Computer. 


RESULTS 
Acute Effects of Ethanol on Motor Coordination 


Acute ethanol administration caused a dose-dependent 
increase in motor impairment as seen by the increased height 
required for aerial righting and increased blood ethanol con- 
tent (Table 1). Ethanol doses of 2 and 3 g/kg produced a 23 
and 56 percent increase in height of aerial righting, respec- 
tively. In addition, separate experiments were performed to 
examine the rate of ethanol disappearance from the blood. 
Animals given a 4.0 g/kg dose of ethanol had an ethanol 
elimination rate of 0.33+0.07 mg/ml/hr (N=12) from blood. 
This rate is the same as that from 4 doses of ethanol between 
1 and 2 g/kg IP [4] and from 3 g/kg IP (preliminary experi- 
ments). Kinetic data appear elsewhere [4]. 





FUNCTIONAL TOLERANCE TO ETHANOL 


TABLE 2 


FORTY-EIGHT HOURS AFTER REMOVAL FROM CHAMBERS, THE EFFECTS OF ETHANOL (IP) 
ADMINISTRATION ON AERIAL RIGHTING REFLEX 





Air-Treated 
(24 hr) 


Height of 
Aerial 
Righting 

(mg/ml) (cm) 


Ethanol Blood 
Dose Ethanol 
(g/kg) 


Ethanol-Vapor Treated 
(24 hr) 


Height of 
Aerial 
Righting 


Ethanol Blood 
Dose Ethanol 
(g/kg) 





0.0 8 0.00 
3.0 10 2.43 + 0.07 


5.0 + 0.07 
35.5 + 2.9$ 


0.0 
3.0 





*Determined 60 min after ethanol injection. 
tMeans + S.E.M. 


tSignificantly different from controls in air-treated group (p<0.05; ANOVA followed by Dunnett’s test). 
§Significantly different from controls in ethanol vapor treated group (p<0.05; ANOVA followed by Dun- 


nett’s test). 


{Significantly different from air-treated group given same dose of ethanol (p<0.01; ANOVA). 


Functional Tolerance to Ethanol 


After 24 hr of ethanol vapor exposure in the chamber, the 
ethanol content in the chamber was 26.0+0.8 mg/liter. This 
value is similar to others reported in the literature [4] as is the 
rate of ethanol disappearance from blood when the animals 
were removed from the chamber. The elimination rate for 
ethanol was 0.38+0.02 mg/ml/hr (N=6). The blood ethanol 
content in animals at the end of the inhalation procedure was 
4.41+0.06 mg/ml. The changes in body weight that occurred 
at the end of the 24 hr inhalation were decreases from 245+4 
g to 211+4 g (N=9) for the air-treated (controls) and 247+3 g 
to 214+4 g for the ethanol vapor-treated animals (N=9). 
Also, after removal of the animals from the chambers, some 
physical signs such as piloerection and blanched ears were 
exhibited by the ethanol-treated animals when tested for 
signs of alcohol withdrawal every hour for 8 hr as described 
elsewhere [2]. (Data are not shown.) 

Forty-eight hr after removal from the chamber, the 
animals were examined for the effect of acute ethanol on 
motor coordination and sleep time. The results for the effect 
of ethanol on the aerial righting reflex (an index of motor 
coordination) are shown in Table 2. Animals treated with 
ethanol vapor for 24 hr developed tolerance to the 3 g/kg 
dose of ethanol as indicated by the lower aerial righting 
scores (a decrease of 31.3+ 1.4%) when they were compared 
with the same dose of ethanol given to controls. A separate 
experiment was performed at 48 hr after removal of the 
animals from the chamber to assess any alteration in the rate 
of ethanol disappearance from blood. The clearance rate of 
an ethanol dose (4 g/kg, IP) was unchanged in ethanol vapor 
treated animals (0.30+0.01 mg/ml/hr; N=6) and air-treated 
(0.33+0.02 mg/ml/hr; N=6). The effect of ethanol (4 g/kg, IP) 
on sleep time in animals at 48 hr after removal from the 
chamber is shown in Table 3. 


DISCUSSION 


Impairment of motor coordination by acute ethanol ad- 
ministration in rats, as measured by the aerial righting reflex, 
is shown to be directly correlated with the blood ethanol 
content (Table 1). As previously mentioned, this investiga- 
tion attempted to use an ethanol inhalation procedure, as 


TABLE 3 


FORTY-EIGHT HOURS AFTER REMOVAL FROM CHAMBERS, THE 
EFFECTS OF ETHANOL (4 g/kg, IP) ADMINISTRATION ON 
SLEEP TIME 





Air-Treated 
(24 hr) 


Blood Ethanol* Sleep Time 
N (mg/ml) (min) N 


Ethanol Vapor Treated 
(24 hr) 


Blood Ethanol Sleep Time 
(mg/ml) (min) 





2.90+ 0.10 193 + 167 S 320s eee 





*Determined when animals regained righting reflex. 

+Means + S.E.M. 

tSignificantly different from air-treated group given ETOH 
(p<0.01; ANOVA). 


opposed to other methods in the literature, to develop 
tolerance to the effects of ethanol on motor coordination and 
hypnosis in rats. This inhalation model successfully 
produces tolerance to these two behavioral effects of ethanol 
(Tables 2 and 3). Metabolic tolerance does not appear to be 
the cause of the observed effects in this present study, al- 
though in other works it may have been a factor [6,15]. Evi- 
dence for this tolerance being functional in nature can also be 
found in previous work [4]. The IP administration of ethanol 
(2 g/kg), which produces hypothermia, did not enhance the 
rate of ethanol disappearance from blood at 48 hr after 
ethanol vapor exposure (28 mg/liter for 24 hr). However, the 
presence of behavioral tolerance cannot be entirely ruled 
out, as it is possible that the animals may have compensated 
for the motor ataxia produced by ethanol vapor inhalation. 

In this study the phenomenon of functional tolerance is 
not complicated by the simultaneous production of physical 
dependence. Although piloerection and blanched ears are 
listed as signs for scoring alcohol withdrawal [2], these phys- 
ical changes in the ethanol-treated animals (ethanol vapor for 
24 hr) do not compare in any respect with the number of 
signs of ethanol withdrawal exhibited by physically depend- 
ent rats who are exposed to ethanol vapor for longer periods 
[2,4]. In addition, piloerection and blanched ears can occur 
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in rats after a period of time following acute IP injection of 
ethanol (4 g/kg). Therefore, it seems that the animals ex- 
posed to ethanol vapor for 24 hr are not truly physically 
dependent on ethanol [4]. It has been shown that the amount 
of physical dependence increases with the duration of 
ethanol exposure and with blood ethanol levels [8]. In addi- 
tion, this short period of ethanol exposure may reduce the 
risk of neurotoxicity [12]. Tolerance does not appear to be 
the result of a modified or decreased ethanol distribution 
within the brain [19]. It has been reported that the distribu- 
tion of ethanol in rat brain regions after acute ethanol (IP) 
administration to naive rats is the same as that produced by 
IP administration 48 hr after ethanol vapor inhalation [19]. 
Furthermore, that study indicates that the distribution of 
ethanol in blood and brain is consistent whether the method 
of administration is IP injection or 24 hr ethanol vapor inha- 
lation. 

An additional advantage of the present investigation is the 
use of blood ethanol levels to correlate with the effects of 
ethanol instead of administered dose. This approach differs 
from the methods of others who report only ethanol doses [5, 
7, 15]. Blood ethanol levels provide a reflection of absorption 
and elimination of ethanol in the animal as well as a confir- 
mation of injection technique. Sampling of blood by orbital 
sinus bleeding is a reliable method for estimating the concen- 
tration of ethanol in the brain when behavioral effects of 
ethanol are studied [19]. The ethanol inhalation procedure 
may be a more advantageous method of producing tolerance 
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than a liquid ethanol diet, since inhalation excludes individ- 
ual drinking patterns as a variable [18]. Also, this inhalation 
procedure eliminates the use of pyrazole which may be toxic 
to the liver and central nervous system [14]. 

In this study, functional tolerance to ethanol was 
produced in rats by inhalation of ethanol vapor. Also, 
ethanol inhalation has been used for the development of 
tolerance to ethanol in mice. Tolerance to the ataxic effect of 
ethanol in mice was measurable after 1 day of ethanol inha- 
lation and increased further after 3 and 6 days of ethanol 
exposure [9]. Other investigators have successfully produced 
functional tolerance to ethanol in mice with an inhalation 
procedure using loss of the righting reflex and loss of rotarod 
performance as behavioral end-points [10,11]. Tolerance to 
ethanol was manifested in grouped mice after they had in- 
haled ethanol vapor for 6 hr. Based on the above information 
and the results of this present study, it appears that an 
ethanol inhalation procedure is a reliable method for the de- 
velopment of functional tolerance to ethanol in rats and 
mice. 
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STRUBBE, J. H., N. J. SPITERI AND A. J. ALINGH PRINS. Effect of skeleton photoperiod and food availability on 
the circadian pattern of feeding and drinking in rats. PHYSIOL BEHAV 36(4) 647-651, 1986.—Feeding and drinking 
behavior were measured in rats maintained under a 12:12 light-dark (LD) cycle or skeleton photoperiod (SPP). Feeding and 
drinking were closely associated during the normal LD cycle but under SPP conditions an increased feeding activity during 
the subjective day was not accompanied by an equivalent increment of water intake. This indicates a stronger coupling of 
drinking to the subjective night. A restriction of food availability to the subjective light phase did not cause an accompany- 
ing complete shift in drinking behavior. These results suggest that drinking is largely dependent on the influence of a 
circadian oscillator and this association is not disrupted by changes in feeding schedule. A change in food access to the 
subjective light phase caused partial but not permanent desynchronization between feeding and drinking behavior. Syn- 
chrony was reestablished within one day once food was available ad lib. Complete return to the original feeding and 
drinking patterning took 3 days. It is suggested that separate slave oscillators controlling feeding and drinking are governed 


by a hypothesized “‘master™ circadian oscillator which remains definitely entrained to the original rhythm by the light pulses 


of the SPP condition. 
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FEEDING and drinking activity of rats fed on a normal lab- 
oratory diet shows a bi- or trimodal distribution over the 
dark phase with peaks at dawn and dusk [11]. Under normal 
conditions a very close temporal association exists between 
feeding and drinking so that 70-90% of daily fluid intake 
occurs around a meal [6,7]. Although these behaviors occur 
in very close temporal association the circadian rhythm of 
each behavior did not change significantly in the absence of 
the other behavior [8,9]. 

With a change in food availability or palatability to the 
daylight hours, several studies report that nocturnal wheel 
running and drinking activity remain mostly undisturbed 
[3,4] while others report a shift in behavioral and physiolog- 
ical variables associated with food intake [1,14]. The con- 
flicting data may be due to feeding or palatability schedules 
used in these studies which may partially mask or override 
the entraining properties of the light-dark (LD) cycle. In a 
previous study we reported that when feeding behavior was 
restricted to the daytime only 17.5% of daily water intake 
was food associated compared with 71% during ad lib [11]. 
The circadian characteristics of temporal distribution of 
drinking activity and nest occupation were retained as well. 
These experiments further showed that although feeding and 
drinking may be causally related, they need not occur in 
close temporal association. However, it may be possible that 
light intensity had some aversive properties ‘‘forcing’’ drink- 
ing and most of the activities to occur in the dark phase 
despite feeding during the light phase. The aim of the present 


experiment is tu investigate to what extent light is involved 
in the above mentioned dissociation between the behavioral 
expression of drinking and feeding behavior. The experi- 
ments were performed therefore under a LD regime employ- 
ing skeleton photoperiod (SPP) and with food deprivation 
over the subjective night. This method with SPP leaves the 
endogenous component of light entrained behavior intact 
[10]. However, it is possible that shifting access to food to 
the subjective day phase does permanently reverse circadian 
control of food intake and eventually also of drinking behav- 
ior. In order to investigate this, we offered food ad lib after a 
long time of food access over the subjective day in a SPP 
situation. 


METHOD 
Animals and Housing 


Six male Wistar rats, experimentally naive, about 4 
months old and weighing 387-453 g were kept in two ‘‘cli- 
mate’’ rooms, which were adequately screened from labora- 
tory noise, 3 rats to a room. The rats were housed individu- 
ally in Plexiglas cages. Each cage consisted of an outcage 
(40x 40x40) with a dark perspex nest box (20x 20x20 cm) 
attached to the outside of the cage. Entrance to the nest box 
was possible through a 4x4 cm opening. The nest box con- 
tained wood shavings for bedding, whereas the outcage had a 
rigid wire mesh floor. 

Except during the food restriction periods, food pellets 
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FIG. 1. Percentage distribution of feeding and drinking behavior 
over the LD cycle and during skeleton photoperiod of male rats with 
normal access to food and water (days 1-25 and days 56-69) and 
with food access either during the ‘‘subjective’’ night (days 31-40) or 
the “‘subjective’’ day (days 46-55). fa: food availability, s: subjec- 
tive. SEM is the averaged standard error of the mean. 
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FIG. 2. Diagrammatic representative meal pattern for one rat during 
9 days from fa:sL to fa:sLD on day 56. A larger black bar means a 
larger drinking bout. 


(Muracon, Trouw, The Netherlands) in hoppers were freely 
available. Water was always freely available. The food hop- 
per and water bottle were situated opposite each other, 40 
cm apart, at the distant ends from the nest box. Food hop- 
pers and water bottles were filled regularly, about two times 
per week and at different times in the light phase of the LD 
cycle. Routine maintenance of the cages was carried out 
during these times. Lighting in each room was provided by 
three overhead 40 W daylight type fluorescent tubes. Light 
intensity inside the cages was the same for all rats and varied 
between 4 1.W-cm “ at cage floor level to about 20 1W-cm 
at the level of the food hopper. Light intensity in the nest box 
was very low (1 ~.W-cm*). Light intensity measurements 
were made with an UDT model 40 optometer using a 
radiometric filter and a foot candle diffuser. Room tempera- 
ture was thermostatically controlled at 21°C. Relative 
humidity was constant at 60%. 


Recording 


Feeding and drinking behavior were recorded con- 
tinuously throughout the experiment on a 20-channel Ester- 
line Angus Event Recorder. 


Food Intake 


The recording method of feeding activity has been de- 
scribed elsewhere in detail [11]. Briefly, the gnawing and 
biting of food pellets from food hoppers through stainless 
steel bars caused the food hopper to swing slightly. This 
movement produced an electrical signal causing a pen de- 
flection on the event recorder. Most of the spillage was col- 
lected in an undertray attached to the hopper. The daily 
amount of spillage collected ranged from 0.05—0.2 g. Access 
to food was restricted by means of an automatic, 
horizontally-sliding door situated in front of the food hopper. 


Water Intake 


Drinking activity was recorded by means of an L-shaped 
stainless steel pedal situated below the water bottle with a 
vertical lip just in front of the drinking spout. A brass hood 
was mounted above the drinking spout. Depression of the 
pedal exposed the drinking nipple and activated a micro- 
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TABLE | 


MEAN DAILY VALUES OF FOOD (g) AND WATER INTAKE (ml), WATER/FOOD RATIO AND BODY WEIGHT (g) DURING THE 
SUCCESSIVE CONDITIONS OF THE EXPERIMENT 





fa:LD fa:s(LD) 
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Food intake 

Water intake 

Water/food 
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Body weight 44] 451 460 


24.3 LS 
25.1 2.2 
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Mean + SEM. 
*p<0.01. 
fa: food availability; s: subjective. 


switch. Visual observations of rats drinking correlated well 
with recordings [11]. Rats kept the drinking pedal depressed 
only while drinking. 


Meal and Drink Definitions 


An intermeal interval of 15 minutes was adopted in defin- 
ing periods into individual meals. The rationale for adopting 
this criterion has been presented elsewhere [13]. 

Drinking bouts were divided into the following two 
categories: (1) meal-related drinking, all drinking bouts 
occurring up to 15 min prior to, during, and up to 15 min 
following a meal; (2) non-meal-re'ated drinking; separated 
from meals by at least 15 min. 


Experimental Procedure 


The experiment lasted 13 weeks and consisted of the fol- 
lowing periods: The rats were given a 3 week habituation 
period in the cages with food and water available ad lib on a 
normal light dark cycle (LD 12:12). The last 10 days of the 
habituation period were considered as control for the exper- 
imental period (days 1-10). Following this period, a skeleton 
photoperiod was introduced in which two 30 min light pulses 
were presented each day during periods when light transi- 
tions would occur during a normal light-dark cycle. Food and 
water were still available ad lib. This period lasted for two 
weeks, the last 10 days being taken for experimental pur- 
poses (days 16-25). This skeleton photoperiod was main- 
tained for the following weeks. In the first two weeks food 
was restricted to the original dark phase, the last 10 days 
being taken for experimental purposes (days 31-40). In the 
following two weeks, food was made available (fa) to the rats 
only during the “‘subjective’’ light phase (fa:sL; s for sub- 
jective). The subjective light phase is the phase where it was 
light in the previous condition without skeleton photoperiods 
(days 1-10). Again the last 10 days of these periods were 
considered experimental days (days 46-55). Thereafter food 
and water were freely available again for two weeks (days 
56-69). Body weight was measured once per week. 


Data Analysis and Presentation 


Food intake. For each rat the mean time spent on feeding 
during 60 min in all hours of the 24 hr LD cycle or the 
skeleton photoperiod was calculated per week and expressed 
as a percentage of total feeding duration. The means and 
averaged standard errors (SEM in Fig. 1) for 6 rats were 
presented as histograms. Averaged standard errors of the 
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FIG. 3. Percentage distribution of feeding behavior over the LD 
cycle with food access during the light phase. 


means were presented since these were small and very simi- 
lar, both for feeding duration and drinking activity. 

Water intake. The following method was adopted in ob- 
taining a measure (index) of drinking activity: Drinks shorter 
than | min were scored as 1; drinks shorter than 3 min and 
longer than | min were scored as 2; and drinks longer than 3 
min were scored as 3. Individual tests on rat drinking behav- 
ior showed that the drinking rate for each rat remained re- 
markably constant throughout the experiment. These tests 
also showed a strong agreement between the amount of 
water consumed and the drinking index. 

ra 


RESULTS 
Changes in Feeding and Drinking Patterns 


Figure 1 shows the distribution of feeding and drinking 
over the LD cycle and during a skeleton photoperiod of male 
rats with normal access to food and water (days 1-25 and 
days 56-69), and with food restricted either to the ‘‘subjec- 
tive’’ night (days 31-40) or the ‘‘subjective’’ light phase 
(days 46-55). Feeding and drinking were predominantly 
bimodally distributed during the dark phase with a prominent 
peak in the beginning (dusk peak) and another towards the 
end (dawn feeding peak) of the night (Fig. 1, days 1-10). A 
third, smaller peak was also evident towards the middle of 
the dark phase. Drinking was more nocturnal than feeding, 
respectively 99% versus 92%. The water to food ratio was 
0.16 during daytime and 1.12 during nighttime. With the in- 
troduction of the skeleton photoperiod (fa:s(LD); days 
16-25) rats showed earlier drinking and feeding activity dur- 
ing the ‘‘subjective’’ light phase. Drinking, however, was 
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again more nocturnal than feeding, respectively, 95% versus 
81%. The water to food ratio was 0.28 during daytime and 
1.13 during nighttime. In general, the feeding and drinking 
patterns were very similar to the ad lib situation. A similar 
pattern, but without any drinking behavior in the subjective 
light phase was observed when food deprivation occurred 
during that time (fa:sD, days 31-40). The ‘‘dusk’’ peaks of 
feeding and drinking activity increased from about 10% to 
16% during this period. Particularly, the ‘‘dawn’’ peak in 
drinking activity remained large and pronounced. 

When food was restricted to the subjective light phase 
(fa:sL; days 46-55) feeding activity was bimodally distrib- 
uted over the sL phase, similar to the normal feeding pattern. 
However, the *“‘dawn’’ peak showed a large increase, and 
feeding in this period amounted to almost 30% of the total 
feeding activity. This occurred during the first hour after the 
‘‘dawn”’ light pulse. A small increase in feeding was ob- 
served during the middle of this phase, followed by a feeding 
peak at the end. This end peak in fact was very similar to the 
peak seen in the ad lib situation at ‘‘dawn.” 

In the fa:sL condition the drinking pattern differed from 
that of feeding. The changes in drinking activity are clearly 
shown in Fig. 1. About 50% of the total drinking activity 
occurred during the sD phase, with a lot of drinking directly 
preceding and following the dusk light pulse. This ‘‘dusk” 
drinking still represents a substantial amount of drinking in 
the night phase. It is interesting to note that drinking in the 
first hour after the dawn light pulse was low, and sometimes 
no postprandial drinking was seen associated with the large 
meal following the dawn light pulse (see also Fig. 2). 

On return to fa:s(LD) (Fig. 1, days 56-62 and 63-69) both 
feeding and drinking activity quickly returned to the distri- 
bution observed in days 16-25. 

The selection of meal and drink patterns of one rat pre- 
sented diagrammatically in Fig. 2 was typical of all rats. The 
patterns show several interesting features which merit con- 
sideration. First, most of the drinking in the fa:sL situation 
during the subjective light phase was preprandial in the be- 
ginning and prandial or postprandial at the end. Second, Fig. 
2 also shows some persistence of the nocturnal drinking pat- 
tern when food was restricted to the sL phase. Finally, when 
food was available ad lib again, the first *‘reassociation’’ or 
resynchronization between feeding and drinking patterns de- 
serves consideration (Fig. 2, days 57-60). Also the almost 
total disappearance of drinks from the sL phase, and the 
shift in meal patterning from the sL phase towards the sD 
phase, deserves attention. It should be noticed that these 
changes occurred very quickly and that the normal pattern is 
already attained within 3 days. Note for example the three 
meals during the first day when food was available in the sD 
period again (day 56). The timing of some of these meals and 
drinks shows remarkable constancy from day to day. 


Food, Water Intake and Body Weight 


Daily means for food and water intake are presented in 
Table 1. There was no change in water intake during any of 
the conditions, whereas food intake showed a significant de- 
crease during the fa:sL condition (paired t-test: p<0.01). 
This did not result in a drop in body weight. During this 
condition water intake showed a small but non-significant 
increase. This is best reflected in the water/food intake ratio. 


DISCUSSION 


The present results show that under skeleton photoperiod 
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(SPP) an increase in feeding activity of 11% occurs during the 
subjective daytime compared with the LD situation. Feeding 
and drinking are closely associated in time during the LD 
situation. However, water to food ratio is much lower during 
daytime than during nighttime in the LD as well as in the SPP 
condition. The increased feeding activity in the subjective 
day during the SPP condition is not accompanied by an 
equivalent increment of water intake in that period (11% for 
feeding and 4% for drinking), indicating a stronger coupling 
of drinking behavior to the subjective night. When rats are 
deprived of food over the subjective night in the SPP condi- 
tion, feeding activity during the subjective day period shows 
a pattern more similar to that in the ad lib condition than the 
pattern seen in a previous study using a normal day-night 
cycle, with food deprivation during night time [11] (Fig. 3). 
In the latter condition rats lose body weight and eat less than 
in the SPP condition where no decrease in body weight was 
seen, indicating a strong suppressive influence of light in the 
behavioral expression of feeding. The large increment in 
food intake in the first hour (Fig. 3) which is higher in the 
normal LD condition (48%) than in the SPP condition (30%), 
may be explained by the larger energy deficit. There is a 
small but significant decrease in food intake in the fa:sL 
condition compared to the fa:sD condition although body 
weight was not affected. Since the external condition (light 
intensity) is the same it is suggested that besides light the 
circadian oscillator also induces a depression in food intake 
in the fa:sL condition. Because some energy-cost activities 
(i.e., drinking behavior) remain in the subjective night, the 
energy deficit in the fa:sL condition may be larger than in the 
fa:sD condition, where no drinking was performed during the 
subjective day. This may be one reason why the first hour 
intake (30%) is higher in the fa:sL than in the fa:sD condition 
(16%). Another explanation may be the stronger stimulating 
influence of a circadian oscillator on feeding during dawn 
than during dusk [5,12]. 

In the fa:sL condition drinking behavior increased more 
during the subjective day than during the light period in a 
previous study with a normal light-dark cycle [11]. This con- 
firms the strong suppressive properties of light on drinking 
[10]. Drinking in the fa:sL condition was concentrated 
around the light pulse of the original dusk period. It is re- 
markable that rats drink a relatively small amount after in- 
gesting a large meal just after the ‘‘dawn”’ light pulse. These 
observations may indicate that drinking behavior is under 
command of a circadian oscillator acting during the dusk 
period [10], while eating may be a stimulated by an oscillator 
which is more active during the dawn period [5,12]. 

After returning to the ad lib condition peak activities of 
feeding activity shift very rapidly back to the subjective dark 
phase the normal pattern being reached already after 3 days. 
Food associated drinking also shows a rapid shift and is 
again largely restricted to the dark phase. A greater noctur- 
nality in drinking than in feeding behavior is also found by 
others [2,10]. As soon as the ad lib condition is returned, the 
rats take meals at the beginning, middle and end of the sub- 
jective night while one might expect that they would have 
eaten until satiation was achieved in the previous subjective 
daytime so that they were able to bridge the subjective night 
energetically. Nevertheless after returning to the ad lib situ- 
ation a relatively high level of feeding behavior remains in 
the subjective light phase. Similar observations were made in 
rat dams after weaning, which also eat large amounts of food 
during the light phase during lactation [13]. 

In summary, drinking is more dependent on the circadian 
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pacemaker than feeding which becomes apparent when (1) 
drinking is more nocturnal than feeding both during LD and 
also in the SPP condition, and (2) a change of food access to 
the subjective light phase causes partial but not permanent 
desynchronization between feeding and drinking behavior. 
Synchrony is established very quickly (within one day) again 
once food is available ad lib. Complete return to the original 
feeding and drinking patterning took 3 days. Therefore, if 
one can distinguish two separate slave oscillators governing 
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feeding and drinking behavior [2,10] this study shows that a 
hypothesized ‘‘master’’ oscillator remains definitely 
entrained by the light pulses, otherwise one would have seen 
a complete reversal in circadian behavioral expression. 
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VERGNES, M., A. DEPAULIS AND A. BOEHRER. Parachlorophenylalanine-induced serotonin depletion increases 
offensive but not defensive aggression in male rats. PHYSIOL BEHAV 36(4) 653-658, 1986.—Cerebral 5-HT depletion has 
been shown to facilitate elicitation of various kinds of aggressive behavior in rats. The question as to whether both 
offensive and defensive aggressive reactions are affected to the same extent was examined in a resident-intruder paradigm 
where an ethological analysis of the two animals allows an evaluation of non-social activities as well as agonistic interac- 
tions, including both offense and defense. PCPA (375 mg/kg IP) was administered either to the resident or the intruder and 
the interactions with an untreated conspecific were recorded in the resident’s home cage for an 8 min period three days 
after injection when 5S-HT was maximally reduced. PCPA treatment increased the occurrence of social approach and 
offensive postures in resident rats, whereas their untreated partners displayed more defensive reactions. When intruders 
were injected, only non-significant increases in approach and offense were observed. In no case did PCPA affect occur- 
rence of defensive postures in the injected animals. These results confirm that serotonin plays a role in controlling offensive 


aggression but not defensive behavior. 


Aggressive behavior Offense Defense 


Resident 


Intruder Serotonin PCPA Rat 





EXPERIMENTALLY induced serotonin (5-HT) depletion 
of the brain has been shown to consistently facilitate elicita- 
tion of various kinds of aggressive behavior in the rat. Elici- 
tation of mouse-killing was obtained through different ma- 
nipulations known to provoke a reduction of the cerebral 
5-HT content [5, 11, 19, 25, 26, 28, 31, 40, 41, 42, 44, 47, 54, 
56, 57, 58, 59, 61, 62, 63]. Shock-elicited fighting in paired 
rats was also found to be increased after cerebral 5-HT de- 
pletion obtained by similar treatments [21, 31, 32, 34, 46, 48, 
60]. Social interactions in territorial or competitive situations 
were usually increased and a shift to a dominant status was 
observed in 5-HT depleted rats [20, 23, 36]. 

Indeed, it clearly appears that different kinds of aggres- 
sive behavior may be increased as a consequence of brain 
5-HT depletion. Aggressive behaviors have been differ- 
entiated as being of offensive or defensive nature according 
to underlying specific motivations, the postures exhibited 
and the central nervous organization involved [1, 2, 7, 9, 27, 
35]. Whereas shock-elicited fighting appears to be clearly 
defensive [7], mouse-killing behavior in the experienced kil- 
ler rat has been shown to be related to offensive behavior 
occurring in social interactions [6, 8, 16]. In a territorial 
situation, resident rats display mostly offensive postures, 
whereas intruders largely exhibit defensive behaviors [1, 7, 
39}. 

Cerebral 5-HT depletion is known to increase behavioral 
responsiveness to sensory and painful stimuli [14, 24, 29, 37, 
52, 60]. The observed facilitation of various aggressive be- 
haviors might then simply result from an increased respon- 


siveness to environmental and social cues. Alternately, 5-HT 
depletion may specifically release one particular type of ag- 
gressive response. 

In order to uncover a possible specificity of the 
serotonergic control exerted on aggressive behaviors, we 
examined the effects of 5S-HT depletion following injection of 
parachlorophenylalanine (PCPA), an inhibitor of 5-HT syn- 
thesis in forebrain raphe terminals [3], upon both offensive 
and defensive reactions of rats in a resident-intruder situa- 
tion. 

Ethological analysis of both resident and intruder behav- 
ior, utilizing a computer-based method for encoding and 
analyzing the different items, allows for the quantification of 
offensive and defensive postures as well as recording of var- 
ious individual and social behaviors. In the first experiment, 
residents were injected and tested against untreated intrud- 
ers and, in the second experiment intruders were injected 
and opposed to untreated residents. Previous experiments 
have shown that a selective 5-HT depletion together with 
maximal behavioral effects are obtained about 3 days after a 
single injection of PCPA of 375 mg/kg [64]. 


METHOD 


Male Wistar rats (350-400 g) bred in our laboratory were 
used. After weaning, they were kept in groups of about 50 
until the age of four months. They were then housed individ- 
ually in wire cages. Three weeks before the beginning of the 
experiment, the resident rats were placed in Plexiglas cages 
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TABLE | 
BEHAVIOR OF PCPA TREATED AND CONTROL RESIDENTS AND OF THEIR RESPECTIVE UNTREATED INTRUDER PARTNERS 





Mean Total Duration (sec) Per Session 


Residents 


Controls PCPA 


Controls 


Intruders paired with 


% Occurrence 
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PCPA Res PCPA Res 


Controls Controls 





Exploration 
Groom 
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29+ 8 
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Investigation 
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Def Upright 
Lateral Defense 
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Comparison of PCPA treated—or paired with PCPA treated—animals with their respective controls, *p<0.05, tp<0.01. 
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FIG. 1. Mean incidence per 8 min session of specific behavioral 
items in residents and in their untreated intruding partners when 
residents were injected with PCPA (375 mg/kg) or with saline (con- 
trols). Expl: cage exploration, Groom: self grooming, Im: immobil- 
ity, Invest: partner investigation, o/u: crawl under/over, Allog: al- 
logrooming, Att: attack, Lat Off: offensive sideways, Off Up: of- 
fensive upright, Def Up: defensive upright, Lat Def: defensive side- 
ways, Back: on the back. *«p<0.05, comparison between controls 
and PCPA treated, or paired with PCPA treated animals. 
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(25x30x35 cm), the floor of which was covered with 
wooden shavings. The animals were maintained on a 12 hr 
light cycle (light on at 8:00 a.m.) with food and water ad lib. 
The behavioral recordings took place between 10:00 a.m. 
and 4:00 p.m. 

PCPA (DL-p-chlorophenylalanine methyl ester HCl) was 
dissolved in distilled water and injected IP in a volume of 2 
ml/kg, three days before behavioral testing. 


The animals were confronted only once with a weight- 
matched untreated male conspecific in residents’ home 
cages. The encounters were recorded on video-tape for 8 min 
as described previously [16]. The different behavioral items 
were then encoded from the video recordings using a 
microcomputer-based method [15], the observer being blind 
to animal treatment. The data were processed for each 
animal and for each item in terms of frequency (total inci- 
dence per session), duration (total duration per session) and 
percentage of occurrence (percentage of animals which dis- 
played the given item at least once per session). The follow- 
ing behavioral items (adapted from [27]) were individually 
coded for both partners, and may be grouped into four 
categories: (1) Non social activities: cage exploration; self- 
grooming (licking or scratching body fur); immobile posture 
(motionless without a specific orientation). (2) Social ap- 
proach: partner investigation (locomotion towards or snif- 
fing or nosing any part of the partner's body); crawl under/ 
over (locomotion with full contact of the body under or over 
the partner); allogrooming (licking or nibbling the fur of the 
partner). (3) Offense: attack (rapid approach over the back of 
the partner with bite); offensive sideways (lateral approach 
with head oriented towards the partner); offensive upright 
(animal on hindlegs facing the partner, boxing or grasping its 
fur). (4) Defense: defensive upright (animal on hindlegs fac- 
ing the partner but head and vibrissae oriented away from 
the partner); defensive sideways or lateral defense (broad- 
side position with ventral surface exposed to the partner); on 
the back (lying flat on the back, submissive). 


Statisticai Analysis 


For a given item, frequency and total duration were ex- 
pressed as means+SEM for both partners and comparisons 
between PCPA-injected and control groups were made using 
the non-parametric U-test of Mann-Whitney [49]. Percent- 
ages of occurrence of an item were compared by means of 
the Chi-square test. 
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TABLE 2 
BEHAVIOR OF PCPA TREATED AND CONTROL INTRUDERS AND OF THEIR RESPECTIVE UNTREATED RESIDENT PARTNERS 





Mean Total Duration (sec) Per Session 
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Comparison of PCPA treated—or paired with PCPA treated—animals with their respective controls, *p<0.05. 


RESULTS 
Experiment I 


Fourteen resident rats were injected with PCPA (375 
mg/kg) and 14 further resident rats were injected with the 
same volume of saline (controls). Three days later all the 
residents were opposed to untreated naive intruders intro- 
duced in the resident’s home cage for an eight-minute ses- 
sion. 

Offensive behaviors such as attack, offensive sideways 
and offensive upright postures were clearly increased in 
PCPA injected residents as compared to their controls (Fig. 
1, Table 1). The increase of attack behavior did not reach 
significance, but incidence and duration of lateral offense 
and offensive upright postures were signficantly increased in 
this group. Also, some increase in social approach such as 
crawl under/over and allogrooming was observed but did not 
reach significance, whereas individual grooming and dura- 
tion of cage exploration were decreased. Defensive postures 
were absent in all the residents. 

Their intruding partners showed an increase of defensive 
postures when opposed to the PCPA injected residents, but 
significance was reached only in percentage of occurrence. 
Total duration of cage exploration and partner investigation 
was decreased while duration of immobility was increased in 
these intruders (Table 1). 


Experiment II 


Fourteen intruder rats were injected with PCPA (375 
mg/kg) and 13 further intruders were injected with the same 
volume of saline (controls). Three days later they were in- 
troduced into the home cage of untreated resident partners. 

The PCPA injected intruders showed an increase in both 
partner investigation and allogrooming, which proved signif- 
icant as for their duration. Whereas in the control intruders 
no offensive postures ever occurred, such postures were 
seen in the PCPA injected intruders, but the difference with 
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FIG. 2. Mean incidence per 8 min session of specific behavioral 
items in intruders and in their untreated resident partners when in- 
truders were injected with PCPA (375 mg/kg) or with saline (con- 
trols). Abbreviations as in Fig. 1. 


controls was not significant. Defensive postures were un- 
changed (Fig. 2, Table 2). In the untreated resident partners 
no significant difference was observed whether they were 
opposed to control intruders or to PCPA-treated intruders, 
except a decrease in duration of grooming in the residents 
paired with the latter. Also some defensive postures in the 
residents opposed to PCPA treated intruders were noticed. 


DISCUSSION 


Our results show that PCPA administration induced a 
significant increase in the occurrence of offensive postures, 
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especially when injected in resident rats. The offensive sig- 
nificance of these postures was confirmed by the reaction of 
the untreated partners which adopted a more defensive atti- 
tude. Offensive attacks appear spontaneously in residents 
when a non-familiar conspecific is introduced into a colony 
or into the home cage of a male rat [7,10]. In PCPA injected 
intruders, only trends toward an increase of offensive behav- 
ior, accompanied by some defensive reactions in their 
partners, was observed. This difference between PCPA ef- 
fects on resident and intruder animals emphasizes the impor- 
tance of environmental factors in the elicitation of offensive 
behavior, as has been observed previously [16]. 

In both residents and intruders, PCPA induced a signifi- 
cant increase of social approach, including partner investi- 
gation, crawl under/over and allogrooming. A concomitant 
increase of offensive behavior and social approach has been 
noticed previously [17,18]. The observed reduction in non 
social activities (cage exploration and grooming) following 
PCPA results very likely from the concomitant increase in 
social activities. In fact, 5-HT depletion has been shown not 
to change locomotor activity, or indeed to increase it [22, 31, 
37]. On the other hand, defense and submission were com- 
pletely unaffected by PCPA administration in residents as 
well as in intruders. Present results therefore show that 
PCPA administration to rats placed in a situation evoking 
social interactions produces a selective increase of approach 
and offensive behavior. This effect is most pronounced in 
resident rats which display such behaviors spontaneously, 
suggesting a release from a tonic inhibition by 5-HT mech- 
anisms. 

Our data are in agreement with previous reports where 
the effects of 5-HT depletion on agonistic interactions with 
conspecifics were measured. An increase in fighting and so- 
cial dominance in a rat colony was observed after an ICV 
injection of a selective 5-HT neurotoxin [20]. Active social 
interactions in non familiar surroundings were also found to 
be increased after PCPA injection or 5, 7 dihydroxytryp- 
tamine lesions of the dorsal raphe nucleus [13,23]. Recently, 
a decrease in serotonergic activity was shown to provoke a 
shift from subordination to dominance in male rats compet- 
ing for water [36]. 

The effects of cerebral 5-HT depletion on mouse-killing 
behavior have been extensively studied [5, 11, 19, 25, 26, 28, 31, 
40, 41, 42, 44, 47, 54, 56, 57, 58, 59, 61, 62, 63]. All the results 
obtained clearly demonstrate that whatever the means by 
which 5-HT depletion is achieved, facilitated elicitation of 
MKB is consistently observed. This increased MKB oc- 
curred mainly in naive rats whereas previously experienced 
nonkillers were only rarely induced to kill [38, 43, 61] which 
suggests that 5-HT depletion exaggerates the rats’ spontane- 
ous tendency to attack non-familiar animals introduced into 
their territory. Moreover, prevention of MKB which devel- 
ops when rats become familiar with mice was shown to be 
unaffected by 5-HT depletion [57]. This differential effect of 
5-HT depletion depending on previous experience with mice 
is in agreement with the differential effect of PCPA on the 
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residents’ and intruders’ behavior respectively. In both 
cases, the increased tendency to attack remains under the 
control of experiential factors. Offensive and self reinforcing 
characteristics have been shown in mouse-killing behavior 
[7,55]. It has been reported that mouse-killer rats, as com- 
pared to non-killers, fight more against a conspecific in a 
competitive situation [6] or when opposed to an intruder [8, 
16, 45]. Furthermore, MKB and conspecific attacks are simi- 
larly increased following ICV administration of a GABA- 
agonist [16, 17, 18]. Therefore, the present findings corrobo- 
rate the view that common mechanisms may underly both 
MKB and intraspecific offensive fighting. 

It has previously been shown that shock-induced fighting 
may be increased following 5-HT depletion under particular 
conditions of shock administration [34, 46, 48, 60]. This be- 
havior has been qualified as a defensive aggression and was 
shown to be unrelated to mouse-killing [33]. Its increase fol- 
lowing 5-HT depletion is apparently in contrast with the un- 
changed defensive behavior we obtained in the PCPA treated 
intruders. However, it has consistently been shown that 
5-HT depletion produces an increased sensitivity to painful 
stimuli [29, 50, 52, 53] and that the increased shock-induced 
fighting was associated with a reduced threshold to electric 
shocks [32, 48, 60]. As the frequency of fights is strongly 
correlated with shock intensity, the increase of fighting fol- 
lowing 5-HT depletion is most likely to reflect the increased 
reactivity to shock. Increased reactivity to non-painful 
stimuli has also been described following 5-HT depletion in 
rats [12, 24, 31, 41, 43, 62]. Therefore, increased aggression 
might be considered as an exaggerated response to environ- 
mental and social stimuli. However, increased reactivity to 
non-painful sensory stimuli is not always associated with 
increased aggression [63] and changes in reactivity appear to 
depend on the method used to deplete 5-HT [37]. Our pres- 
ent results are in favor of a rather selective control exerted 
by 5-HT neurones on aggressive acts with offensive charac- 
teristics whereas defensive aggression, which is mainly a 
reaction to threat, appears unaffected by a reduced 
serotonergic function. 

Depressed serotonergic transmission does not only result 
in increased offense and social investigation, but also in 
facilitation of male sexual behavior [4,47] and exporatory 
reactions to novel stimuli [12,24] as well as in attenuation of 
punishment induced inhibition [51]. Taken together, present 
results are in agreement with the suggestion that decreased 
5-HT input produces a shift towards active responding at the 
expense of behavioral inhibition, resulting in increased im- 
pulsiveness or reduced control over ongoing behavior [51]. 
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VOGEL, G. W., K. MINTER AND B. WOOLWINE. Effects of chronically administered antidepressant drugs on animal 
behavior. PHYSIOL BEHAV 36(4) 659-666, 1986.—We reviewed the literature about the effects of chronically adminis- 
tered antidepressant drugs on animal drive-related behaviors that are increased by platform REM Sleep Deprivation (RSD): 
intracranial self-stimulation, locomotion, aggression, feeding, grooming and sex. We found no previous review of behav- 
ioral effects of chronic antidepressant drugs; about 200 papers on behavioral effects of one dose of antidepressant drugs; 
and only 14 papers on behavioral effects of chronically administered antidepressant drugs. With one dose, antidepressant 
drugs usually did not increase animal behaviors. With chronic administration, antidepressant drugs increased intracranial 
self-stimulation, locomotion, and affective aggression. Chronic drug effects on feeding, grooming, and sex were not 
studied. These findings are consistent with the hypothesis that antidepressant drugs increase animal drive-related behaviors 
by RSD because RSD precedes tested behavior with chronic drug administration but not with one dose. The findings, plus a 
critical review of RSD by pendulum and by midbrain stimulation, support the hypotheses (1) that in animals all methods of 
RSD increase drive-related behaviors; and (2) that in humans antidepressant drugs improve depression by RSD which 
enhances such behaviors. 
Antidepressant drugs 


Animal behavior REM sleep deprivation 





THE mechanism of action of antidepressant drugs has not 
been established. We have suggested that any proposed 
mechanism of action of antidepressant drugs should meet 7 
criteria [62]. These criteria may be explained as follows. 
Suppose that among the many brain effects of efficacious 
antidepressant drugs, X is the mechanism of action by which 
the drugs improve endogenous depression. Then X should 
meet the following criteria. 

(1) X alone (without antidepressant drugs) should im- 
prove endogenous depression. 

(2) X alone should produce the same final improvement of 
endogenous depression as antidepressant drugs. 

(3) X alone should produce the same time course of im- 
provement of endogenous depression as antidepressant 
drugs. 

(4) Drugs that cause the X effect should improve endoge- 
nous depression and drugs that do not improve endogenous 
depression should not cause the X effect. 

(5) Endogenous depression patients unimproved by X 
alone should not be improved by antidepressant drugs. 

(6) X alone should have the same biological correlates of 
endogenous depression improvement as the efficacious 
antidepressant drugs. 

(7) In animals X alone should produce behavioral changes 
similar to the behavioral changes produced by drugs in the 
successful treatment of endogenous depression. 

These criteria imply that X is as efficacious as the 
antidepressant drugs (criteria 1-3); that antidepressant drugs 
produce X (criterion 4); that the antidepressant drugs 
produce no antidepressant process other than X (criteria 5 





and 6); and that the behavioral stimulation by the drugs in 
depressed humans can be mimicked by X alone in animals 
(criterion 7). 

Gradually accumulating evidence indicates that REM 
sleep deprivation meets these 7 criteria for X, the mechanism 
of action of antidepressant drugs in the treatment of endoge- 
nous depression [62]. This evidence is summarized in Table 
1. For some of the criteria the evidence is incomplete, e.g., a 
biological correlate of improvement with REM sleep depri- 
vation has been examined with amitriptyline treatment [21], 
but not with other antidepressant drugs. Still, to the best of 
our knowledge, the available evidence, though incomplete, 
is consistent with the hypothesis that REM sleep deprivation 
meets the 7 criteria for the mechanism of action of 
antidepressant drugs. 

The animal data supporting the hypothesis are that in 
animals REM sleep deprivation enhances motor, sexual, ag- 
gressive, feeding, grooming, and ICSS behaviors. We call 
these drive-related behaviors to distinguish them from 
learned behaviors that are often not increased by REM sleep 
deprivation [52]. The animal data suggest that REM sleep 
deprivation improves endogenous depression because the 
deprivation stimulates behaviors that are diminished in en- 
dogenous depression. This hypothesis has testable empirical 
implications. If animal behavioral stimulation by REM sleep 
deprivation indicates how the deprivation improves endoge- 
nous depression, and if the antidepressant drugs work by 
REM sleep deprivation, then in animals the drugs should 
produce the same behavioral stimulation as REM sleep dep- 
rivation by awakenings. Furthermore, the hypothesized 


‘Requests for reprints should be addressed to Gerald W. Vogel, M.D., Sleep Laboratory, G.M.H.I., 1256 Briarcliff Rd., Atlanta, GA 30306. 
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TABLE | 


EVIDENCE SUGGESTING REM SLEEP DEPRIVATION (RSD) AS MECHANISM OF ACTION OF 
ANTIDEPRESSANT DRUGS 





Mechanism 
of Action 
Criterion 


Evidence Reference 





RSD alone improves endogenous depression. [65,66] 


Improvement of endogenous depression by RSD alone and [65] 
by imipramine are not significantly different. 


Improvement of endogenous depression by RSD alone and [65] 
by imipramine have the same time course. 


Efficacious antidepresssant drugs produce RSD and non- [63]* 
antidepressant drugs do not produce RSD. 


Patients unimproved by RSD are not improved by imip- 
ramine. 


RSD and amitriptyline have the same biological correlate of 
improvement, viz, REM sleep rebound. 


In animals, RSD alone increases motor, sexual, aggressive, 
feeding, grooming, intracranial self stimulating (pleasure 
seeking) behaviors and these six behaviors are decreased in 
humans with endogenous depression. 





*Vogel, G. W. and A. Buffenstein have recently completed an updated review of the 
relation between drug efficacy in the treatment of endogenous depression and drug REM 
sleep deprivation. Among 22 possible antidepressant drugs, efficacious drugs REM sleep 
deprive and nonefficacious drugs do not REM sleep deprive. The review is being submitted 
for publication elsewhere and prepublication copies are available. 


animal behavioral effects of the antidepressant drugs should 
occur after the drugs have produced REM sleep deprivation, 
but not before. The drugs can produce REM deprivation 
before behavioral testing only if there is sufficient time for 
sleep to intervene between drug administration and behav- 
ioral testing. Thus the REM deprivation hypothesis of drug 
antidepressant activity predicts that the drugs will stimulate 
the above six animal behaviors after several days of chronic 
administration (during which sleep will intervene and drug 
REM deprivation will occur); and the hypothesis predicts 
that the drugs will not stimulate these animal behaviors 


TABLE 2 
ANTIDEPRESSANT DRUGS 





Amineptine 
Amitriptyline 
Amoxapine 
Bupropion 
Butriptyline 
Clomipramine 
Desipramine 
Dothiepin 


Maprotiline 
Mianserin 
Nomifensine 
Nortriptyline 
Phenelzine 
Protriptyline 
Tranylcypromine 
Trazodone 


within a few hours of their administration (during which little 
or no sleep or REM deprivation will occur). 

In animals the acute effects of a single dose of 
antidepressant drugs are well known and are consistent with 
this prediction. Acutely, in animals the drugs usually do not 
stimulate the above six behaviors [3, 5, 6, 13, 20, 23, 29, 48, 
49, 56]. However, we could find no review of the animal 
behavior effects of chronically administered antidepressant 
drugs. Thus, the above prediction that chronically adminis- 
tered antidepressant drugs will stimulate animal behaviors that 
are stimulated by REM sleep deprivation via awakenings has 
not been systematically considered. This paper reviews the lit- 
erature about the effects of chronically administered 
antidepressant drugs on such behaviors, viz, on motor, sex- 
ual, aggressive, grooming, food seeking, and ICSS behaviors. 


METHOD 


We reviewed the literature on the effects of 22 
antidepressant drugs on the 6 animal behaviors. The 22 


Doxepin 
Imipramine 
Iprindole 


Trimipramine 
Viloxazine 
Zimelidine 





The table lists the antidepressant drugs whose effects on animal 
behaviors were investigated by the computer bibliographic search. 


antidepressant drugs are specified in Table 2. In this review 
acute studies refer to the effects of a single dose of an 
antidepressant drug on behavior tested within a few hours of 
drug administration. In this time span drugs cannot produce 
substantial REM deprivation because sleep duration is too 
brief. In this review chronic studies refer to the effects on 
behavior of several days to weeks of daily or almost daily 
antidepressant drug administration. Given over this time 
span, a drug can produce REM sleep deprivation. 

The review includes all chronic studies located by our 
bibliographic search. Behavioral tests were administered at 
various times during and after chronic drug administration. 





EFFECTS OF CHRONIC ANTIDEPRESSANT DRUGS 


As will be seen, the time between drug administration and 
behavioral testing was a crucial variable in the outcome of 
the chronic studies. If acute drug administration did not af- 
fect behavior (e.g., ICSS or predatory aggression), then 
chronic effects of the drug were not affected by the time 
between last dose and the test of behavior. On the other hand 
if acute administration decreased behavior (locomotor activ- 
ity), then the chronic effects of drugs were affected by the 
time between last dose and test of behavior. If behavior was 
tested within four hours of the last dose, activity was de- 
creased. If behavior was tested twelve or more hours after the 
last dose, then, compared with baseline, activity was in- 
creased. 

We began with a computer literature search. The search 
scanned Biological Abstracts for all papers that united the 22 
antidepressant drugs and the above six animal behaviors 
under the general heading of psychopharmacology. In addi- 
tion we conducted a computer search of the Excepta Medical 
file on ICSS (pleasure seeking) because decreased capacity 
to enjoy is a cardinal symptom of endogenous depression. 
Since the computer file only went back to 1969 we used the 
bibliographies of the initially read papers to search the pre 
1969 literature. The search yielded a total of 196 papers. We 
included as antidepressant drugs MAOIs whose efficacy in 
the treatment of endogenous depression has not been tested. 
Some of these MAOIs were not in the list of 22 
antidepressants searched by the computer. The rationale for 
their inclusion is that adequately tested MAOIs improve en- 
dogenous depression and all MAOIs produce the REM de- 
prived state [63] (Vogel, G. W. and A. Buffenstein. Updated 
review of the relation between drug efficacy in the treatment 
of endogenous depression and drug REM sleep deprivation, 
1985, unpublished manuscript). 


RESULTS 


Almost all the papers located by our bibliographic search 
concerned the behavioral effects of a single dose of an 
antidepressant drug. As mentioned above, almost uniformly, 
in a single dose the drugs did not increase the six drive- 
related behaviors in any substantial degree. We found only 
14 papers that reported data on the behavioral effects of 
chronically administered antidepressant drugs. The follow- 
ing review reports only examples of the acute administration 
studies but reports all 14 located papers about the behavioral 
effects of chronically administered antidepressant drugs. 


Intracranial Self Stimulation (ICSS) 


Acutely administered antidepressant drugs usually had 
little or no effect on ICSS. Tested drugs included amitrip- 
tyline [3,29], imipramine [3, 5, 25, 29, 48, 49], protriptyline 
[5], nortriptyline [48], pheniprazine [3], tranylcypromine [3]. 
On the other hand, chronically administered antidepressant 
drugs increased ICSS. In a study using chlorgyline (25, 50, 
100 mg/kg), ICSS did not increase during the first three days 
of administration. After that, ICSS increased progressively 
until 7-14 days of administration, with no further increase to 
the 28th day of administration [1]. Another study concerned 
the effects of desipramine 10 mg/kg on ICSS [17]. No change 
was observed for the first two days of administration. How- 
ever, after two weeks of administration, ICSS rates were 
significantly higher in the ascending but not descending por- 
tion of the rate-current intensity function. The higher rates 
were in rats receiving long term desipramine compared with 
those receiving vehicle control and compared with those 
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who received short term desipramine treatment. A third 
study reported that iproniazid, administered for 10 days, in- 
creased ICSS rates in 3 of 8 rats but did not specify the statis- 
tical significance of group differences [22]. These were the 
only papers we found on the effects of chronic 
antidepressant drug administration on ICSS. 


Aggressive Activity 


Rat aggressive behaviors have been classified as pred- 
atory aggression and affective aggression. **Predatory ag- 
gression consists predominately of attacking reactions 
aimed at destroying the opponent. It is possibly related to 
feeding behavior and characteristically occurs without 
signs of increased emotionality’’ [14]. Rat muricide is an 
example of predatory aggression. *‘Affective aggression is 
characterized by both attack and defense reactions. It is ac- 
companied by intense autonomic activation, and the aggres- 
sive manifestations are not always goal-directed’’ [14]. Af- 
fective aggression is ‘‘the mode of aggressive display seen in 
aggressive states characterized as ‘irritable,’ intermale, ter- 
ritorial, or maternal’’ [67]. In rats shock-induced fighting and 
isolation-induced fighting are examples of affective aggres- 
sion. 

In acute studies the antidepressant drugs decreased rat 
muricide (predatory aggression). The tested drugs were imip- 
ramine [14, 26, 46, 54, 55], maprotiline [14], mianserin [14], 
iproniazid [26,46], desipramine [46, 54, 55], amitriptyline 
[46,54], protriptyline [46], pargyline [46], tranylcypromine 
[46], isocarboxizid [46], phenelzine [46], nialamid [46], and 
doxepin [54]. We found only one study of the effects of 
chronically administered antidepressant drugs on rat 
muricide (predatory aggression). Two to four weeks of daily 
desipramine produced a greater decrease of muricide than a 
single injection [53]. Thus, the evidence suggested that both 
the acutely and chronically administered antidepressant 
drugs decreased rat predatory aggression. 

The story was otherwise with rat affective aggression. 
Isolation-induced fighting was essentially unaffected by 
acutely administered antidepressant drugs. The tested drugs 
included imipramine [13,56], desipramine [56], amitriptyline 
[13,56], phenelzine [13,56], tranylcypromine [56], and 
isocarboxizid [13]. We found only one study of the effects of 
a chronically administered antidepressant drug on isolation- 
induced fighting. After seven days of administration, desip- 
ramine increased isolation-induced fighting, tested 15 to 19 
hours after last injection [67]. 

Shock-induced fighting, the other example of affective 
aggression, was also essentially unaffected by acutely ad- 
ministered antidepressant drugs. Tested drugs included im- 
ipramine [12,14], maprotaline [14], and mianserin [14]. How- 
ever, after chronic administration, several antidepressant 
drugs increased shock-induced fighting. Daily tricyclics 
(amitriptyline, desipramine, or imipramine) increased 
shock-induced fighting after three to five days of drug admin- 
istration. Behavior was tested 24 hours after daily in- 
jections [16]. Also daily MAOIs (iproniazid, nialamid, or 
pargyline) increased shock-induced fighting after two to 
three days of administration. Behavior was measured six 
hours after drug administration [16]. In another study on rats 
chronic treatment with antidepressant drugs facilitated 
shock-induced fighting [41]. The effective drugs, which were 
administered for ten days, included amitriptyline, imip- 
ramine, iprindole, and mianserin. Parenthetically, it should 
be noted that iprindole does not produce REM sleep 
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- deprivation [2,15] and that recent critical reviews have con- 
cluded that it is not efficacious in the treatment of endoge- 
nous depression [70] (see * in Table 1). Hence iprindole’s 
increase of shock-induced fighting is unrelated to endoge- 
nous antidepressant activity and to REM sleep deprivation. 
In general, then, predatory aggression was decreased by 
acute and chronic administration of antidepressant drugs. 
Affective aggression, on the other hand, was not affected by 
acute administration, and was increased by chronic adminis- 
tration of antidepressant drugs. Affective aggression is char- 
acterized by autonomic activation, whereas predatory ag- 
gression is not. It is of interest that endogenous depression is 
characterized by autonomic dysfunction (e.g., feeding, gas- 
trointestinal, and sexual symptoms). Thus, affective aggres- 
sion which is increased by chronically administered 
antidepressant drugs may be more relevant to the 
antidepressant process than predatory aggression. 


Motor Activity 


The clue to the effects of tricyclic antidepressant drugs on 
motor activity may be found in a study that determined 
motor effects on the day of injection, and on the next two 
days [37]. Experimental (X) rats received a single injection of 
imipramine 10 mg/kg IP every third day, over 12 days (four 
injections). Control (C) rats received saline in the same 
schedule. Locomotion was measured 15 minutes after in- 
jection in an activity chamber. On each day of injection, 
the X rats had significantly less movement than the C rats. 
On the first day after each injection, X rats had significantly 
more activity than C rats, and this X-C difference increased 
significantly over the four injections. On the second day after 
each injection, X and C rats had no significant difference in 
activity. This suggests that imipramine decreased motor be- 
havior immediately after injection, increased motor behavior 
24 hours after injection, and progressively so with successive 
injections, and that between 24 and 48 hours after imip- 
ramine administration, the motor behavior returned to 
baseline levels. 

Findings about the effects of tricyclics on motor activity 
are consistent with this hypothesis. With acute administra- 
tion of tricyclics, one study found that imipramine and amit- 
riptyline decreased spontaneous motor activity twenty min- 
utes after injection [23]. Another study reported that imip- 
ramine and desipramine decreased spontaneous motor ac- 
tivity one half hour to four and a half hours after injection 
[20]. 

With chronic administration, when motor activity was 
measured within a few hours of injection, again the activity 
was decreased by tricyclic antidepressants. The biblio- 
graphic search located three papers that fit this pattern. In one 
study imipramine and desipramine, administered for 
26 days, were studied for their effects on motor activity 
measured within one half hour to four and a half hours of 
injection [20]. Motor activity was reduced by the same 
amount on each successive day of administration. This find- 
ing is consistent with a daily acute inhibitory effect. In a 
second study imipramine, administered for eight consecutive 
days, decreased motor activity measured 4 hours after the 
last injection [18]. In the third study imipramine and 
chlorimipramine, administered in the drinking water (ap- 
proximately 10 mg/kg) for 20 days decreased open field 
activity from the first day onward [8]. Again, behavior was 
presumably tested shortly after drug ingestion since the drug 
was administered through the drinking water. 
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On the other hand, in the bibliographic search, five papers 
reported that chronically administered antidepressant drugs 
increased some measure of locomotor activity measured at 
least twelve hours after the last injection. These included the 
effects of the following drugs: imipramine 10 mg/kg IP every 
third day for twelve days [37]; imipramine 30 and 100 mg/kg 
PO daily for two weeks [27]; amitriptyline 5 mg/kg IP daily 
for three weeks [30]; pargyline 25 mg/kg SC daily for five 
days [47]; and desipramine 20 mg/kg IP daily for seven 
days—the last decreased open field activity but increased 
spontaneous motor activity and re-activity [67]. 

Thus, the findings suggest that each single dose of tricy- 
clic antidepressants inhibited motor activity within a few 
hours of administration and that chronically administered 
antidepressant drugs increased motor activity twelve to 
24 hours after each dose, i.e., presumably after the acute 
inhibitory effect wore off. 


Feeding Activity 


In the one acute study, feeding was suppressed by imip- 
ramine, desipramine, tranylcypromine, and nomifensine [6]. 
In spite of the common impression among investigators, in- 
cluding ourselves, that the chronically administered 
antidepressant drug decreased food intake and weight, we 
could find only one study on this issue. In that one chronic 
study located by our computer search, the drugs were ad- 
ministered orally through the drinking water [8]. Hence, the 
acute inhibitory effects of the drugs on food intake may have 
operated repeatedly throughout each day in the period of 
chronic drug administration. As a result, the effects of 
chronic antidepressant drug administration on food intake 
were unclear. 


Grooming Activity 


We found only one acute study—and no chronic 
studies—of the grooming effects of antidepressant drugs. In 
the acute study, imipramine slightly decreased grooming [32]. 


Sexual Activity 


We found one acute study and one chronic study. In the 
acute study, pargyline and clorgyline had little or no 
facilatory effects on the sexual performance of male rats with 
low baseline copulatory activity [69]. In the chronic study, 
low doses of clorgyline (0.25 mg/kg—three times per week) 
significantly increased ejaculations and intromissions after 
seven weeks of treatment [33]. 


DISCUSSION 


In an extensive literature search we found only 14 
papers about the effects of chronically administered 
antidepressant drugs on six animal drive-related behaviors. 
These papers contained little or no data on the effects of 
chronically administered antidepressant drugs on animal 
feeding, grooming, and sexual activities. Thus, the small lit- 
erature on the behavioral effects of chronically administered 
antidepressant drugs concerned ICSS, locomotor activity, 
and affective aggression. Given chronically, so that drug 
REM deprivation occurred before behavioral testing, the 
antidepressant drugs increased these behaviors. Given 
acutely, so that drug REM deprivation did not occur before 
behavioral testing, the antidepressant drugs decreased these 
behaviors or had no effect on them. Since animal REM sleep 
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deprivation by nondrug means (small platform) increases 
these behaviors [63], and since the antidepressant drugs 
produce REM sleep deprivation [63] (see * Table 1) the re- 
viewed findings suggest that chronically administered 
antidepressant drugs increased the animal behaviors by 
REM deprivation. 

However, since REM sleep deprivation by drugs is a re- 
sponse variable rather than an experimentally manipulated 
variable, the findings can not prove that antidepressant drugs 
enhance animal behaviors by REM sleep deprivation. Other 
kinds of response correlations are needed to test further the 
relation between drug REM sleep deprivation and drug 
enhancement of animal behavior. One approach that we are 
trying is to determine in animals whether behavioral 
enhancement with incremental degrees of REM sleep depri- 
vation by arousals correlates with behavioral enhancement 
with incremental degrees of REM sleep deprivation by 
drugs. At present, the reviewed evidence is consistent with 
the suggestion that in animals REM sleep deprivation by any 
method (drug or nondrug) enhances animal behaviors. 

Recent results with two new methods of REM sleep dep- 
rivation have challenged the idea that in animals different 
methods of REM sleep deprivation produce enhancement of 
drive-related behaviors. One of these methods, the pen- 
dulum technique of REM sleep deprivation, did not produce 
behavioral enhancement of rat motor activity or of ICSS 
[59,60]. It was originally hypothesized that the platform 
condition might be more stressful or might cause a greater 
increase of body temperature than the pendulum condition 
and that either of these variables might be the explanation of 
why the platform caused more behavioral stimulation than 
the pendulum [10, 59, 60]. In a subsequent test rat body 
temperature was not significantly different during platform 
and pendulum conditions [10]. We can find no published 
studies that compare the stresses produced by the two 
methods. 

There is, however, another variable by which platform 
and pendulum conditions almost certainly differ, viz, number 
of arousals. As originally described, in the pendulum method 
the rat cage was at the bottom of a swinging pendulum [57]. 
At the horizontal extreme of each half swing the rat, if 
asleep, was aroused by the postural imbalance of the cage 
position. Thus, the rat could sleep unaroused only between 
the horizontal extremes of each pendulum swing. The pen- 
dulum REM sleep deprivation method took advantage of the 
fact that following wakefulness a certain minimum duration 
of non-REM (NREM) sleep is necessary before REM sleep can 
occur. The pendulum produced REM deprivation because 
each horizontal extreme of its motion aroused the rat from 
NREM sleep before REM sleep could occur. Thus, the time 
between horizontal extremes of each pendulum swing was 
adjusted to be so short that only NREM sleep could occur. 
In fact, when asleep, rats were aroused every 15 seconds to 
45 seconds. Assuming that in the undisturbed state the rat 
sleeps about 12 hours per 24 hour day, by our calculations 
the number of arousals per 24 hours in the pendulum cage 
varied from 960 arousals at a 45 second pendulum period to 
2,880 arousals at a 15 second pendulum period. These were 
almost certainly orders of magnitude higher than the number 
of arousals produced by the platform method because rela- 
tively long periods of NREM sleep (e.g., 5—10 minutes) occur 
on the platform. 

There is strong evidence from both correlational and causal 
studies in humans that, independent of sleep loss, severe 
sleep fragmentation by an inordinate number of arousals 
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produced excessive daytime sleepiness [45,51]. In other 
words, with no reduction in total sleep time, severely frag- 
mented sleep had the same effect on daytime function as an 
actual sleep loss. It produced sleepy individuals. In humans 
actual sleep loss decreased performance of some, but not all 
tasks [42,43]. These findings in humans suggest that in rats 
the pendulum condition, by severely fragmenting sleep, 
produced the functional equivalent of actual sleep loss rather 
than selective REM deprivation. Actual sleep loss here 
means reduction of proportional amounts of both NREM 
and REM sleep. Selective REM deprivation means reduction 
of REM sleep with little reduction of NREM sleep. In rats 
actual sleep loss by enforced continuous wakefulness had 
different behavioral effects than REM deprivation by the 
small platform. In contrast to platform REM deprivation, 
which increased motor [24] and ICSS activity [50], but de- 
creased acquisition of active avoidance behavior [52], actual 
sleep loss, according to limited current evidence, had no 
effect on these three behaviors [7, 11, 52]. Unlike platform 
treatment, but like actual sleep loss, pendulum treatment 
also had no effect on motor [59], ICSS [60], and acquisition 
of active avoidance behaviors [58]. Thus, behavioral differ- 
ences between pendulum and platform treated rats are con- 
sistent with the notion that the pendulum treatment, by frag- 
menting sleep, produced a functional sleep loss rather than 
REM deprivation. 

This view of the effects of pendulum treatment can be 
tested more directly. In rats actual sleep loss by continuous 
enforced wakefulness has reliable empirical effects on sleep. 
Actual sleep loss increased sleep intrusion during the depri- 
vation period (e.g., increase of waking cortical EEG ampli- 
tude, and of waking ventral hippocampal spike rate) [19]. 
Actual sleep loss increased sleep intensity during the early 
recovery period (e.g., all the following increased: ventral 
hippocampal spike rate during high amplitude sleep; mean 
sleep bout length; consistency of sleep stages; cortical EEG 
amplitude) [19]. And actual sleep loss changed sleep stage 
patterns during recovery period (e.g., high amplitude sleep 
increased during certain recovery hours and REM sleep dur- 
ing other recovery hours) [19]. If pendulum treatment 
produces functional sleep loss (by fragmenting sleep), then 
pendulum treatment ought to produce these known effects of 
actual sleep loss. Unless these tests prove otherwise, the 
presently available evidence is consistent with the view that 
the pendulum condition, by fragmenting sleep, produced 
functional sleep loss rather than selective REM deprivation. 

The other new method of rat REM sleep deprivation is 
arousal at each REM sleep onset by stimulation of the mid- 
brain reticular formation (MRF) via implanted electrodes. 
The conclusions of work with this method were that, in con- 
trast to the platform, REM sleep deprivation by MRF stimu- 
lation did not increase ICSS or increase open field explora- 
tory crossings or decrease defecations [34,35]. 

However careful reading of this work indicates that five 
to seven days after REM sleep deprivation by MRF stimula- 
tion was completed, the rats ““showed an unexpected aug- 
mentation of self stimulation and by the 10th-11th day of 
the recovery period the self stimulation rate reached a 
maximum level which was maintained for 10 days, i.e., the 
entire testing period.’’ [34] The published diagrams suggest 
that five to seven days after REM sleep deprivation by MRF 
stimulation was completed, the maximum ICSS rate was 
similar to the maximum ICSS rate during REM sleep depri- 
vation by the small platform. Comparable data on explora- 
tory activity and on defecation during the recovery period 
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after MRF stimulation were not provided in the paper. Thus, 
one cannot determine whether the effects of the platform and 
the effects of MRF stimulation on these behaviors were simi- 
lar but with a different time course—as was the case for 
ICSS. Also the MRF study did not investigate the behavioral 
effects of MRF stimulation during states outside of REM 
sleep. As a result, there was no control for the effects of 
MRF stimulation on waking behavior independent of its 
REM deprivation effect. It is possible, for example, that 
MRF stimulation during any state, including REM sleep, de- 
creases subsequent waking behavior; or it is possible that, as 
suggested by the ICSS findings, MRF stimulation delays be- 
havioral enhancement. Thus, the conclusion that REM sleep 
deprivation by MRF stimulation does not enhance ICSS or 
motor behaviors is undermined by the above two 
shortcomings. 

In view of these considerations, the evidence suggests that 
in animals REM sleep deprivation by antidepressant drugs 
and by nondrug methods enhances animal behaviors whose 
human analogues are decreased in endogenous depression. 
The evidence then is consistent with the hypothesis that 
antidepressant drugs improve endogenous depression by 
REM sleep deprivation and that REM sleep deprivation im- 
proves endogenous depression by enhancing ‘‘depressed”’ 
behaviors. 

Several points about the hypothesis that REM sleep dep- 
rivation is the mechanism of action of antidepressant drugs 
should be clarified. (1) The hypothesis applies only to the 
treatment of endogenous depression. Many criteria, viz, 
symptom complexes [38], treatment responses [4, 9, 65], and 
REM sleep abnormalities [36] indicate that endogenous de- 
pression is distinct from other depressive disorders. (2) The 
specific hypothesis is that the drugs improve endogenous 
depression by REM sleep deprivation that is (a) marked; (b) 
sustained over weeks of treatment; and (c) followed by a 
REM sleep rebound. Thus drugs will not improve endoge- 
nous depression by REM sleep deprivation if their REM 
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sleep deprivation is (a) not marked, e.g., benzodiazepines 
[31]; or [b] not sustained over weeks of treatment, e.g., am- 
phetamines [44], barbituates [28]; or (c) not followed by a 
REM sleep rebound, e.g., PCPA [68] (See [63] for wider 
review of drug effects on REM sleep). (3) The REM sleep 
deprivation causes the improvement which occurs during the 
period of the deprivation [65]. The REM rebound is a later 
indicator of the physiological impact of the deprivation and 
correlates with improvement [64]. Thus, the sustained REM 
deprived state produced by REM sleep reduction and indi- 
cated later by REM sleep rebound, improves endogenous 
depression. (4) How REM sleep deprivation enhances be- 
havior in animals and in depressed humans is presently un- 
known. In other words the variables that mediate between 
REM sleep deprivation on the one hand and the proximal 
causes of enhanced behavior on the other hand, are un- 
known. Some suggestions include (a) that REM sleep depri- 
vation increases the excitability of the neural substrate of 
behavior [61] and (b) that REM sleep deprivation increases 
postsynaptic receptor sensitivity in cortical areas relevant to 
depressed behavior [39,40]. (5) As defined in (2) above, REM 
sleep deprivation by any treatment is a sufficient condition 
for improvement of endogenous depression, but, in princi- 
ple, not a necessary condition. Thus, the hypothesis requires 
that any treatment (drug or nondrug) that produces REM 
sleep deprivation will improve endogenous depression but 
does not require that all efficacious treatments of endoge- 
nous depression work by REM sleep deprivation. 

In conclusion, the available evidence that REM sleep 
deprivation by different methods—including by 
antidepressant drugs—enhances animal behavior is consis- 
tent with the theory that the antidepressant drugs improve 
endogenous depression by REM sleep deprivation and that 
REM sleep deprivation improves depression by enhancing 
drive-related behaviors. The evidence also suggests that the 
effects of chronically administered antidepressant drugs on 
animal behaviors may provide the beginnings of an animal 
model of antidepressant activity. 
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FADEM, B. H., D. B. KRAUS AND R. H. SHEFFET. Nest-building in gray short-tailed opossums: Temperature effects 
and sex differences. PHYSIOL BEHAV 36(4) 667-670, 1986.—The effects of ambient temperature and of sex on nest- 
building behavior were studied in a laboratory colony of gray short-tailed opossums, small, Brazilian marsupials. At 24°C, 
both males and females used more nesting material and built larger nests of better quality than at 27°C. Although both males 
and females built nests using the mouth, forelegs, hindlegs and tail, females built nests more reliably at the higher 
temperature and used more nesting material than males at both temperatures. These findings are discussed with respect to 
the thermoregulatory and reproductive characteristics of marsupials. 
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Behavioral thermoregulation 


Sex differences 





NEST-BUILDING in mammals serves two primary biologi- 
cal functions: protection from environmental temperature 
extremes and provision for safety in bearing and raising 
young [18,21]. The characteristics of nest-building in mar- 
supials are of interest relative to these biological functions in 
eutherian mammals. First, marsupials have a level of me- 
tabolism approximately thirty percent lower than is found in 
eutherian mammals [5]. Species with lower metabolic rates 
may be more dependent on the nest for thermoregulation 
than species with higher rates [10]. Thus, marsupials may be 
likely to employ behavioral methods of thermoregulation 
such as nest-building. Also, in marsupials, particularly in 
pouchless genera [27], the small size and developmental im- 
maturity of the newborn young relative to the newborn 
eutherian young [24] might necessitate particularly high 
levels of nest-building responses in females. Thus, sex 
differences in nest-building might be expected. Although 
nest-building behavior has been observed in a number of 
marsupial species [2, 3, 12, 13, 27, 30], no experimental 
studies of factors affecting nest-building in marsupials have 
heretofore been reported. 

The present studies concern the nest-building behavior of 
the gray short-tailed opossum (Monodelphis domestica), a 
small, pouchless, Brazilian member of the Didelphidae or 
American opossums. This species is of particular interest 
because it is likely to become the first practical marsupial 
model for laboratory research [7,33]. In a previous report [7] 
it was noted that gray opossums built elaborate nests in the 
laboratory when provided with abundant amounts of nesting 
material. Streilein [31] described some of the characteristics 
of nest-building in this species. 

The goals of the present study were to describe and quan- 
tify (1) the effects of a change in ambient temperature on and 


(2) sex differences in nest-building behavior in gray opos- 
sums. 


METHOD 
Animals 


The animals used in the present study were part of a 
breeding colony at the University of Medicine and Dentistry 
of New Jersey, New Jersey Medical School, Newark, and 
were descendants of nine animals trapped in the Caatinga 
region in Brazil in 1978 by representatives of the National 
Zoological Park in Washington, DC. Gray opossums are one 
of at least eleven species of Monodelphis which are distrib- 
uted from eastern Panama to Central Argentina [4,15]. The 
gray opossum is found in the arid Chaco and Cerrado 
biomes, and in the remnant Atlantic rainforest on the eastern 
border of the Caatinga as well as in the Caatinga region itself 
[31]. 

Adult female gray opossums weigh from 60-100 g and 
adult males from 90-150 g. Total head and body length 
ranges from 170-200 mm with tail length an additional 60-80 
mm. The coat color is gray-brown with lighter underparts. 
Sexual maturity is reached at 4-5 months, reproduction has 
occurred up to 28 months in females and 39 months in males 
and breeding occurs throughout the year. The gestation 
period is 14-15 days, the estrous cycle is approximately one 
month long and postpartum dependence is approximately 50 
days [7, 23, 33]. 


Maintenance 


Animals were housed in one 3.46.1 m room in the 
animal facility at the New Jersey Medical School. A reversed 
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14L:10D cycle of white fluorescent light with lights off at 
1100 hours was used. Water and food (fox food, Milk Prod- 
ucts, Inc., New Holstein, WI) were available ad lib. The 
laboratory maintenance of these animals has been described 
elsewhere [7,33]. 


Procedure 


Seven male and 8 female gray opossums ages 7-20 
months at the start of the study were used. Each animal was 
housed individually in a polyethylene shoebox rat cage 
(46x23 19 cm) with a wire lid and was provided with a 
polyethylene nest box (15x 15x10 cm). The floor of each rat 
cage was covered with a | cm layer of pine shavings. The 
animal room was maintained at a temperature of 24°C. To 
start the experiment, each animal was provided with 96 
strips of paper toweling (3x20 cm each) placed on the wire 
cage lid. Animals pulled the paper through the lid to build 
nests. Observations of nest-building behavior in male and 
female gray opossums were conducted on 6 separate occa- 
sions for 10 minute periods following the placing of paper on 
the cage lids. 

Four days after initial placement of the paper toweling on 
the cage lid, the nest and unused paper toweling were re- 
moved and another 96 strips of paper toweling were placed 
on the cage lid. Nest-building was evaluated (see below) and 
paper strips replaced in this manner twice weekly over a 4 
week period for a total of 8 observations per animal. Because 
all animals could not be observed in one 4 week period, 7 
animals were observed in one 4 week period (period 1) and 8 
animals were observed in a second 4 week period (period 2). 
Both sexes were included in both periods. Two weeks after 
the end of the period 2, the temperature of the animal room 
was raised to 27°C and nest-building was evaluated over a 4 
week period (period 3) in the same manner as above. Five 
animals of each sex that were observed at 24°C were avail- 
able and were observed at 27°C. 

Nest-building was evaluated by counting the number of 
strips used to construct the nest and by measuring the vol- 
ume (length x width x depth) of the nest. Since fluffing of 
nesting material has been used to indicate good nest-building 
[1], a paper condition score was derived which was the ratio 
of crumpled to flat paper used in the construction of the nest 
x 100. If no paper was pulled into the nest, nest volume and 
paper condition score were treated as missing values for that 
observation. A nest quality score was also derived which 
was a rating made by the observer of nest compactness and 
characteristics. Nest quality score ranged from 1 (low) to 5 
(high) and was given as follows: (1) scattered paper strips, no 
nest chamber; (2) flat nest, depression where the animal rest- 
ed; (3) loosely built nest, no obvious chamber; (4) compact 
nest, definite chamber and (5) compact nest over 10 cm deep, 
definite chamber. A nest quality score of 0 was given if no 
paper strips were pulled in. Number of strips used to con- 
struct the nest and nest quality score were evaluated for all 
animals at both temperatures. Nest volume and paper condi- 
tion score were evaluated in period 2 (24°C, 8 animals) and in 
period 3 (27°C, 10 animals). 


Data Analysis 


Since not all animals tested at 24°C (periods 1 and 2) were 
retested at 27°C (period 3) and some measures (nest volume 
and paper condition score) were not taken in period 1, differ- 
ences in number of paper strips used to construct the nest, 
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volume of the nest, paper condition score and nest quality 
score were analysed using a repeated measures analysis of 
variance (ANOVA) with missing data: an unbalanced nested 
factorial design [11,29] with sex and period as the independ- 
ent variables. Fisher’s randomization test was used to test 
the hypotheses that (1) an animal would be no more likely to 
build a nest on all of the 8 observations at the lower tempera- 
ture than at the higher temperature and (2) that a female 
would be no more likely to build a nest (on all of the eight 
observations) than would a male. To examine the possibility 
that changes in nest-building behavior between the tests at 
the lower temperature (conducted first) and the higher tem- 
perature (conducted second) were due either to increased 
age of animals or an experiential effect, Spearman’s rank 
order correlation coefficient (between age of animal and 
measures of nest-building within sex and temperature), and 
paired t-test (between first and last observations for each 
animal within sex and temperature) were conducted. 


RESULTS 
Nest-Building Behavior 


Both males and females built nests using the mouth, 
forelegs, hindlegs and tail. Upon initial presentation of the 
paper strips, the animal investigated the paper by sniffing. 
The tail then curled downward, in an approximation of the 
position that it would take when paper was carried. The 
animal then took several strips of paper in the teeth and 
tucked them into the forepaws. This motion was repeated 
until the forepaws were full of paper. The paper was then 
pushed with the forepaws along the underside of the body 
where it was kicked with shuffling movements of the hind 
legs to the coiled tail. In the tail, the paper was grasped 
tightly and held in a straight line with the animal’s body. 
After several such sequences of moving paper from mouth to 
tail, the tail was full and the animal headed toward the nest. 
If the nest had already been constructed, the animal dropped 
the paper from its tail at the nest entrance, entered the nest 
and pulled strips of paper into the nest with the mouth and 
forepaws. If the nest was in the first stages of construction, 
the animal entered the nest, dropped the paper and arranged 
the paper around itself with mouth and forepaws. When dis- 
turbed in the nest, the animal grasped available paper within 
the nest in its mouth and pulled paper strips over itself. Nests 
were built both inside and outside of the nest box. 


Effects of Temperature on Nest-Building 


At 24°C, both males and females reliably built nests. On 
only one out of a total of 120 observations at 24°C did an 
animal (a male) fail to pull any paper into the cage. In con- 
trast, at 27°C, no paper was pulled in on a total of 15 of the 80 
observations. Although only 1 animal failed to pull in any 
paper on one occasion at 24°C, 5 of the 10 animals failed to 
pull in any paper on at least one occasion at 27°C (p<0.007). 
Overall, significantly fewer paper strips were used to con- 
struct the nest, F(2,6)=6.94, p<0.030, nest volume was 
smaller, F(1,6)=7.9, p<0.031, nest quality score was lower, 
F(2,6)=8.39, p<0.02, and paper condition score was lower, 
F(1,6)=48.7, p<0.0004, at 27°C than at 24°C for both sexes 
(Fig. 1). There was no significant difference in any measure 
between period | and period 2 (the tests at 24°C). Also, no 
significant decline in measures of nest-building by observa- 
tion number (1-8), nor correlations between age of animal 
and measures of nest-building behavior were found. 
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FIG. 1. The effects of temperature and sex on nest building in gray 
short-tailed opossums. 


Sex Differences in Nest-Building 


Although both males and females reliably built nests at 
the lower temperature, females built nests more reliably than 
males at the higher temperature. While four of the five males 
failed to pull in any paper on at least one occasion at 27°C, 
only one female failed to pull in any paper on at least one 
occasion (p<0.036). Overall, no paper was pulled in on 13 of 
the total of 40 observations of males and 2 of the total of 40 
observations of females at this temperature. Females also 
used more paper strips than males at both temperatures, 
F(1,13)=4.63, p<0.05. There were no significant sex differ- 
ences in paper condition score or in nest volume. 


DISCUSSION 


In the present study, nest-building was reliably elicited 
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upon presentation of nesting material. The nest-building be- 
havior shown by gray opossums, i.e., collection of nesting 
material with the mouth and transfer to the tail for carrying, 
is seen in a number of Australian [3, 13, 30] and other Ameri- 
can marsupials [2,12]. Like gray opossums, the Virginia 
opossum (Didelphis virginiana) coils the tail upon orienting 
toward or grasping nesting material prior to actually holding 
the material in the tail [12]. 

Nest-building is a thermoregulatory behavior which is en- 
hanced at low temperatures and reduced at high tempera- 
tures [28]. A number of eutherian species show increased 
nest-building in response to large (17 to 20°C) [1, 21, 22, 36] 
or to small (5°C) [9,17] decreases in ambient temperature. 
Differences in sensitivity to temperature decreases may be 
related to the ecology of a species [14]. In this study, a signif- 
icantly higher level of nest-building, i.e., more strips of paper 
used in the nest, larger nest-volume, higher nest quality and 
more crumpling of paper, was seen in response to a small 
(3°C) drop in ambient temperature. Because this behavior is 
extremely sensitive to slight temperature changes, nest- 
building may serve an important thermoregulatory function 
in gray Opossums. 

There are three reasons why changes in nest-building in 
response to slight changes in temperature may be well- 
developed in gray opossums. First, nest-building responses 
are likely to be high in species with a poor ability to increase 
metabolic rate in response to cold [26]. Although marsupials 
have a lower metabolic rate than eutherian mammals, they 
can effectively thermoregulate in response to changes in 
ambient temperature [5]. However, in small marsupial spe- 
cies such as gray opossums, such regulation is achieved at 
great cost to the animal’s energy reserves [32]. Behavioral 
thermoregulation in the form of nest-building could serve to 
decrease this cost. Second, since nest-building responses 
can compensate to some extent for extrinsic temperature 
changes, such responses are particularly well-developed in 
species indigenous to areas in which there are unpredictable 
environmental fluctuations [14, 34, 36]. Although relatively 
little is known about the natural ecology of gray opossums, 
Streilein [31] noted that the area in which these animals were 
originally trapped, the Caatinga region in Brazil, is subject 
to extreme fluctuations in environmental conditions. Nest- 
building could provide protection from these conditions for 
gray opossums. Finally, Russell [27] suggested that in order 
to protect the small, exposed, newborn young from en- 
vironmental extremes, marsupial species with reduced or 
absent pouches show high levels of nest-building behavior. 
Thus, it is not unexpected that the gray opossum, a pouch- 
less species, shows well-developed nest-building responses 
to changes in environmental temperature. 

Non-pregnant, non-lactating female gray opossums built 
nests more reliably and used more paper in nest construction 
than males in the present study. Although virgin females in 
some eutherian species are better nest-builders than males 
[18,35], in others, the larger, stronger males build larger, 
better nests than non-pregnant, non-lactating females [16, 
19, 20). Usually, a female advantage in nest-building is re- 
lated to the hormonal changes associated with pregnancy 
and lactation and is only seen at these times [6,25]. 

High, reliable levels of nest-building by non-pregnant, 
non-lactating female gray opossums may have adapative 
value. In marsupials, there may be no hormonally-mediated 
maternal recognition of pregnancy [8]. Therefore, it is un- 
likely that female gray opossums possess a hormone-related 
behavioral alaptation for nurturing newborn young such as 
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increased nest-building in the period just prior to and im- 
mediately after parturition. As such, a constitutional, reli- 
able, high level of nest-building which occurs before the 
hormonally-induced behavior changes of lactation are fully 
established could ensure the occurrence of this behavior in 
the event of pregnancy. 


In summary, nest-building in gray opossums is responsive 
to small changes in ambient temperature and shows a sex 
difference. Thus, nest-building may be one behavior which 
these animals utilize to achieve a state of homeostasis and 
which may be related to the particular metabolic and repro- 
ductive characteristics of marsupials. 
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PIVIK, R. T., F. W. BYLSMA AND P. COOPER. Effects of paradoxical sleep deprivation in the rabbit. PHYSIOL 
BEHAV 36(4) 671-676, 1986.—The effects of nonpharmacologically-induced deprivation of paradoxical sleep for a 24 hour 
period were studied in rabbits. Response characteristics commonly associated with the deprivation procedure in other 
species were observed, as well as features apparently peculiar to the rabbit. Like other mammals, rabbits: (1) show 
increased attempts to experience PS during the deprivation procedure relative to the baseline occurrence of PS; (2) become 
increasingly difficult to arouse from PS as the deprivation period progresses; (3) show increased amounts of PS (rebound) in 
post-deprivation recordings relative to baseline; and (4) compensate for only one-third of the PS deficit incurred during 
deprivation. Rabbits’ response to PS deprivation differs from other mammals in the following ways: (1) the deprivation 
procedure is truly selective, significantly affecting only amounts of PS and not total sleep time or other sleep stages; (2) the 
rebound response is restricted to the light phase of the light-dark cycle on the first recovery day; and (3) as indexed by eye 
movement density, phasic activity during PS is not enhanced during the recovery period. Given that the crucial factor in the 
PS deprivation-compensation phenomenon is thought to be the deprivation and subsequent enhanced occurrence of phasic 
events, and considering that events within the oculomotor system have been emphasized in this regard, the results of this 


investigation suggest the existence of species differences regarding the nature and form of the compensatory response to PS 


deprivation. 
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THE earliest attempts to determine the functional signifi- 
cance of rapid eye movement or paradoxical sleep (PS) were 
conducted in man and involved the selective elimination of 
this stage of sleep by means of arousals initiated at PS onset 
[3]. Increased amounts of PS occurring during unperturbed 
sleep following this manipulation has been termed the PS 
rebound and this phenomenon has been considered evidence 
that PS is of fundamental physiological importance [4]. The 
rebound response has been demonstrated in a variety of 
species in addition to man, e.g., monkey [2], cat [12], rat [16] 
and mouse [15], and is thought to be ubiquitous among 
animals in which PS is present. However, there is disagree- 
ment regarding the presence and extent of a PS rebound in 
the rabbit. In the initial study of PS deprivation in this spe- 
cies, Khazan and Sawyer [14], studying ovariectomized 
rabbits, reported that PS suppression for a 24 hour period 
effected by a 78 dB white masking noise was followed by 
increased amounts of PS (rebound) during a 24 hour re- 
covery period. Kawakami, Negoro and Terasawa [13] also 
studied variations in PS in ovariectomized rabbits but used 
immobilization stress as a means of suppressing this state. 
These authors noted inconsistent increases in PS following 
single or multiple 12 hour restraint sessions. Although the 
treatments applied in these investigations were not specific 
to PS, i.e., stressful auditory or proprioceptive stimuli were 





applied throughout blocks of time irrespective of sleep- 
wakefulness state, the reports nevertheless focussed on var- 
iations in PS associated with these manipulations. In addi- 
tion to being nonspecific for PS, there were other method- 
ological and procedural problems associated with these 
studies which may contribute to the inconsistent or incon- 
clusive results regarding PS rebound in the rabbit. For 
example, neither study: (a) specified the extent of adaptation 
of the animals to the laboratory environment prior to sleep 
recordings; (b) used intact animals; (c) controlled for possi- 
ble diurnal influences, i.e., both recorded animals under 
constant illumination; or (d) submitted data to analyses to 
determine the levels of statistical probability associated with 
their findings. Reductions of PS in the rabbit have also been 
observed in association with the administration of phar- 
macological compounds [9,22]. However, in these investiga- 
tions PS increases in subsequent recovery sleep either have 
not been observed [9] or have been described without the use 
of statistical comparisons [22]. Furthermore, amounts of PS 
in all these deprivation studies may have been underesti- 
mated to the extent that suppression of nuchal muscle activ- 
ity was used as a criterion of PS since recent reports indicate 
that tonic EMG inhibition is absent or greatly attenuated 
during PS in the rabbit ([10, 19, 21]; Fig. 1). A recent study 
involving PS deprivation in the rabbit which was not charac- 
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FIG. 1. Polygraphic tracings illustrating state changes in the rabbit. A PS episode (underscored, 
EEGp) occurring subsequent to slow wave (SW) sleep ends (vertical arrow) with a brief arousal (filled 
circle, EEGp) and is followed by SW sleep. Note that PS is characterized by regular theta and low 
voltage fast EEG activity (channels EEGp and EEGc, respectively), eye movements (EOG), the 
absence of synchronized activity in olfactory derivations (OLF), and sustained activity of nuchal 
muscles (EMG). The brief arousal immediately following PS is accompanied by low voltage EEG 
activity and a distinctive 3-5 Hz rhythm in the olfactory leads. Abbreviations: EEGp—postcentral 
electroencephalogram; STIM—stimulation channel which, during deprivation procedures, indexed the 
delivery of auditory stimulation; EEGc—central electroencephalogram; EOG—horizontal and vertical 
eye movements; OLF— activity recorded from olfactory derivations; EMG— nuchal muscle activity. 


terized by the above methodological confounds failed to ob- 
serve a Statistically significant PS rebound above baseline 
levels following deprivation [19]. However, the generality of 
the latter results is limited because of the small sample size 
(n=5). 

From the preceding literature review, it is unclear 
whether rabbits show a significant PS rebound above 
baseline levels following PS deprivation. The purpose of the 
present investigation was to reexamine this issue in intact 
rabbits and to more precisely describe variations in sleep in 
this species following selective PS deprivation effected by 
nonpharmacological methods. 


METHOD 


Adult New Zealand White male rabbits (n=10) were 
placed on a 12 hour light-dark cycle (6 a.m.—6 p.m. light 
phase) at least one week prior to implantation and were 
maintained on this schedule, with food and water available 
ad lib, throughout the investigation. The animals were im- 
planted under anesthesia with electrodes for chronic record- 
ing of electroencephalographic (EEG), electrooculographic 
(EOG) and electromyographic (EMG) activities. For these 
recordings, stainless steel screws were placed over motor 
and postcentral cortex for EEG recordings and supraorbi- 
tally and anterior to the eye socket for EOG recordings. 
Teflon coated stainless steel wires were inserted into the 
nuchal musculature for recording EMG activity. A 10-14 day 
postoperative recovery period was followed by 2-4 days dur- 
ing which animals were adapted to the recording environ- 
ment. Once introduced into the recording cages, rabbits 
were maintained in these cages until all recordings were 
completed. Conditions established in the holding area re- 


garding availability of food and water and light-dark cycling 
were maintained in the recording environment. Recording 
cages were sound attenuated, electrically shielded and con- 
trolled for temperature and humidity. Rabbits were un- 
anesthetized during the recordings and cable attachments 
made via a commutator system connected to a counterbal- 
anced boom allowed the animals unrestricted movement 
about the cage. 

Experimental recordings consisted of continuous (24 
hour) monitoring of electrographic activities for 5 consecu- 
tive days (2 days baseline, 1 day PS deprivation and 2 days 
recovery). PS deprivation was effected by auditory stimuli 
(900-1000 Hz, 84-87 dB tone bursts) delivered at PS onset 
via speakers mounted in the recording chamber (Fig. 2). 
When tone bursts proved ineffective in terminating PS 
episodes, supplementary auditory (knocking on cage, open- 
ing cage door) or tactile (touching the rabbit) stimulation was 
employed. Deprivation and recovery periods were always 
initiated at the beginning of the light phase of the light-dark 
cycle. Records were scored independently by 2 individuals 
with high reliability (96%) using previously established 
criteria for definition of PS in the rabbit [19]. All PS episodes 
=2 seconds in duration were scored and scoring discrepan- 
cies were resolved by mutual consensus. Unless otherwise 
indicated, data were analyzed using repeated measures 
analysis of variance procedures with Newman Keuls post 
hoc tests when appropriate [24]. 


RESULTS 


Auditory tone bursts were most effective in terminating 
PS episodes during the initial portion of the deprivation 
period. However, as the deprivation progressed it became 
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FIG. 2. The interruption of 3 PS episodes (underscored, EEGp channel) by the delivery of auditory tone bursts (darkened 
rectangles, STIM channel). Each arousal is accompanied by the return of rhythmic activity in the olfactory derivations (arrows, 


OLF). Abbreviations are the same as in Fig. 1. 


TABLE | 


SLEEP-WAKEFULNESS STATE VALUES (MEAN AND STANDARD 
DEVIATIONS IN MINUTES) ACROSS DAYS AS A FUNCTION 
OF CONDITION 





Condition 


Baseline Deprivation Recovery 


State l 2 3 4 5 





Wake 705.6 726.3 793.1 731.8 699.9 


(211.8) (190.3) (239.6) (184.3) = (150.1) 


Drowsy 178.2 172.4 183.3 174.7 171.3 
(49.3) (59.3) (38.6) (35.0) (36.1) 


436.8 385.6 411.6 468.4 446.6 
(38.6) (81.3) (36.4) (52.7) (35.4) 


PS 55.2 58.3 21.8 79.1 61.2 
(20.9) (22.6) (11.0) (42.3) (30.7) 


Slow Wave 





increasingly difficult to arouse animals using this stimulus 
and supplementary stimuli were required in all animals to 
implement PS deprivation. More than twice as many arous- 
als were made on deprivation days relative to the baseline 
occurrence of PS (Fig. 3), and attempts at PS often occurred 
in clusters (Fig. 2). Although most of these arousals (69%) 
were made during the lights-on period, PS attempts were 
also more numerous during the lights-off period of the dep- 
rivation day relative to that time period for baseline (43% 
increment). Despite this interference with the sleep cycle, 
neither total sleep time nor amounts of drowsy or slow wave 
sleep varied significantly across conditions (Table 1). The 
deprivation procedure significantly reduced PS relative to 
baseline values (mean PS decrease of 61.8+ 19.2%; p<0.01) 
and recovery sleep was marked by a significant PS rebound 
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FIG. 3. Data from one animal showing cumulative episodes of PS 
across recording periods with light-dark phases indexed. During 
baseline and recovery periods more PS episodes occur during the 
light phase of the cycle. The deprivation period is characterized by 
more than twice as many PS attempts relative to comparison 
periods, and these increases occurred during both light and dark 
periods. 


relative to baseline values (p<0.05). This rebound, although 
Statistically significant, in fact amounted to only a 17% in- 
crease over the baseline average, was confined to the first 
recovery day (mean: PS BSLN (17.37+5.62) vs. REC 1 
(21.62+ 10.01); 7(9)=2.07, p<0.05, 1 tail; BSLN vs. REC 2 
(17.25+7.59), 1(9)=0.11, ns) and constituted recovery of only 
27.7% of the incurred PS deficit. 

During baseline recordings, rabbits slept less and had less 
PS during the dark phase of the light-dark cycle (p<0.05, 
p<0.04, respectively). Not only was the concentration of PS 
during the light phase maintained during the recovery period, 
but increased amounts of PS above baseline levels occurred 
only at this time, i.e., amounts of PS during the dark phase 
remained at baseline levels (Fig. 4). During the recovery 
period, PS episodes were not more frequent (baseline 
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CONDITION 
FIG. 4. Distribution of PS across recording conditions as a function 
of the light-dark cycle. The averaged data presented are based on 10 
animals. Abbreviations: TST—total sleep time; BSLN—baseline; 
DEP—deprivation; REC—recovery. 


mean=88.8+42.8; recovery mean=87.7+50.0) but were of 
longer duration (baseline: mean=46.24+28.47 sec; recovery: 
mean=52.84+ 17.94 sec) than during baseline. However, this 
duration difference was statistically significant only on the 
first recovery day (mean=58.45+24.2 sec; 1(9)=2.38, 
p<0.05). The amount of deprivation does not appear to be a 
factor in determining length of post-deprivation PS episodes 
since these variables are weakly related (r=.24, ns). How- 
ever, there is a consistent and relatively strong negative re- 
lationship between the extent of PS rebound and duration of 
PS episodes (r=—0.62, p<0.05). Furthermore, although the 
amount of PS rebound is generally thought to be proportional 
to the extent of PS deprivation [5,7] these variables were 
negatively related in the present investigation (r=—0.70, 
p<0.02). 

Reports in other species indicating intensification of phys- 
iological activity in post-deprivation PS, e.g., increased 
amounts of eye movements and autonomic variability [1, 5, 
7] prompted an analysis of eye movement density during PS 
across conditions in the present investigation. For these 
analyses, ten PS episodes lasting at least 60 seconds each 
were selected from each baseline and recovery day for each 
rabbit and the number of 2 second periods containing at least 
one eye movement (=2 mm (15 yw V) deflection) in the initial 
60 seconds of each PS period was determined. These were 
then collapsed into six 10 second intervals and statistical 
comparisons made between baseline and recovery condi- 
tions and across consecutive 10 sec intervals. Analyses did 
not reveal any change in eye movement density between 
baseline and recovery conditions, but did indicate a gradual 
increase in density across the initial 50 seconds of the PS 
episode, i.e., interval 1<2<3<4<5=6, p<0.01 (Fig. 5). 
These interval differences were present during baseline and 
maintained during recovery recordings. 


DISCUSSION 


The effects of PS deprivation in the rabbit are similar in 
many respects to those observed in other mammals. These 
similarities include: (1) a deprivation-induced buildup of 
pressure for PS, as evidenced by more attempts to experi- 
ence PS during the deprivation procedure relative to baseline 
PS occurrence and increased difficulty in effecting arousals 
from PS as the deprivation period progressed; (2) an in- 
creased amount of PS in the undisturbed sleep following the 
deprivation procedure, i.e., a PS rebound; and (3) the re- 
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FIG. 5.Variations in eye movement (EM) density across 10 second 
blocks during baseline (BSLN) and recovery (REC) conditions. 
Density values represent the number of 2 second bins containing at 
least one eye movement > 15 wV in amplitude. Although significant 
increases occur across blocks 1-5 (p<0.01; block 5 = block 6), 
pre-post deprivation values are similar. 


covery of less PS during the rebound than the deficit in- 
curred [1,5]. However, the post-deprivation response in the 
rabbit is not particularly robust or extensive, and previous 
failures to observe a significant PS rebound may have re- 
sulted from insufficient deprivation or unreliable detection of 
this state during the recovery period. The likelihood that 
these considerations were a factor in PS deprivation studies 
in the rabbit is enhanced by the fact that PS associated inhi- 
bition of nuchal muscle activity is not a reliable index of PS 
in the rabbit as it is in other species, and, with one exception 
[19], previous PS deprivation studies in the rabbit have not 
taken account of this anomaly. 

An incomplete rebound, i.e., a lack of recuperation of all 
PS time precluded by the deprivation, is common among 
mammals. Although the discrepancy between the deficit in- 
curred during deprivation and the amount by which the re- 
cuperated PS exceeds baseline values observed in the rabbit, 
i.e., 72.3%, falls within the range of compensatory values 
reported for other species [5, 11, 15], it is nevertheless im- 
portant to consider conditions or influences which may have 
modified the post-deprivation response in the rabbit. One 
potentially significant factor which could have limiting ef- 
fects on the extent of the PS recovery response is the length 
of the recovery period. It could simply be, for example, that 
the 2 day recovery period was inadequate for full expression 
of the rebound and additional recovery days would have 
:evealed a more extensive recovery. Instances of delayed 
rebound have been previously observed under conditions in 
which total sleep has been markedly reduced [20,23], leading 
to increases in slow wave sleep and consequent blunting of 
PS increases during the early recovery period. In the present 
study neither total sleep time nor sleep stages other than PS 
were significantly affected by the deprivation procedure and 
there was no evidence of displacement of PS by increments 
in other sleep stages during the recovery recordings. The 
selective nature of the deprivation manipulation in the rabbit 
is unusual. Generally the PS deprivation procedure has dis- 
ruptive effects on sleep integrity resulting not only in de- 
creased total sleep time and decreased amounts of PS, but 
variations in non-PS sleep stages as well [6, 8, 16]. Previous 
investigations involving PS deprivation in the rabbit [13,14] 
have, however, reported the absence of an effect of this 
manipulation on amounts of slow wave sleep, but these re- 
ports did not include statistical documentation or analyses of 
results. It is likely that this selective manipulation of PS, 
rather than indicating that sleep stage processes in the rabbit 
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are less interrelated than in other mammalian species, re- 
flects the fact that PS occupies only a small portion of total 
sleep time in this species (i.e., 7%—12%; [13,17]). In the 
present investigation the baseline average PS amount (58.94 
min) was less than the standard deviation of total sleep time 
(82.93 min) and closely approximated that value for slow 
wave sleep (53.44 min). Consequently, it would be possible 
to completely eliminate PS in the rabbit without significantly 
decreasing either total sleep time or slow wave sleep. This 
selective deprivation of PS is important in interpreting the 
results of the present investigation since it virtually elimi- 
nates the possibility that compensatory PS increases present 
following deprivation can be attributed to variations in sleep 
Stages other than PS. Generally, to control for nonspecific 
effects introduced during PS deprivation, arousals are made 
during non-PS sleep periods as well. However, in the ab- 
sence of significant effects on non-PS sleep, PS compensa- 
tory regulation has been attributed to PS loss per se [8]. It is 
notable in this regard that although previous studies of PS 
deprivation in the rabbit have not documented variations in 
total sleep time or sleep stage amounts (other than PS), none 
has included non-PS control arousals. 

PS rebound may also be delayed if, following deprivation, 
PS levels are restricted to baseline levels by additional dep- 
rivation [6]. Under these conditions, when the deprivation is 
terminated a PS rebound has been observed to occur. For a 
similar effect to have occurred in the present investigation 
the post-deprivation restriction of PS would have to have 
been effected by endogenous mechanisms since during the 
recovery period sleep was undisturbed by any systematic ex- 
ternal influences. However, the possibility of such 


internally-generated PS restriction is significantly weakened 
by the pattern of post-deprivation PS increases. In this study 


PS was significantly enhanced on the first recovery day, but 
this rebound effect had abated by the second day. Conse- 
quently, instead of gradual increments in PS occurring 
across recovery days—as would be expected if a delayed 
rebound process were in progress—a PS decrease across 
recovery days was present. 

Another consequence of PS deprivation in mammals is an 
intensification of physiological activation during the re- 
covery period as evidenced by increased phasic motor activ- 
ity, enhanced spike activity in the visual system and in- 
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creased amounts of eye movements [5,18]. It has been 
suggested that the quantitative shortfall of PS time following 
deprivation is compensated for by a qualitative intensifica- 
tion of physiological processes at this time [5]. In the present 
study, eye movement density was assessed as an index of 
phasic activation but this measure revealed no evidence of 
post-deprivation enhancement. Consequently, the at- 
tenuated rebound in the rabbit cannot be attributed to phasic 
event intensification unless there are phasic events occurring 
during non-PS sleep which were not evident in this investi- 
gation. It is clear, however—as evidenced by increased at- 
tempts at PS occurrence and increased difficulty in arousing 
animals later in the deprivation period—that PS deprivation 
in the rabbit does effect intensification of PS processes. If 
compensatory processes are activated following PS depriva- 
tion in the rabbit but are not expressed through a phasic 
event system, then perhaps these processes involve tonic 
components of PS. The absence during baseline conditions 
of sustained EMG inhibition during PS suggests a predomi- 
nance of PS associated excitatory influences in this species. 
Accordingly, the negative relationships between degree of 
deprivation and extent of rebound, and the latter and dura- 
tion of PS periods, could indicate that these tonic excitatory 
influences are enhanced during PS recovery and may provide 
the degree of PS compensation required in this species. The 
literature dealing with the effects of PS deprivation and the 
associated rebound does not provide a basis or function for 
the rebound phenomenon. Even if the general determinants 
of PS rebound are the same across species, there may still be 
species-specific differences regarding the extent of PS com- 
pensation and the form this compensation takes. Conse- 
quently, it may be necessary to understand the determinants 
and function of the rebound phenomenon before it will be 
clear whether aspects of the deprivation response in the 
rabbit are anomalous, or simply an appropriate expression of 
an as yet to be defined and understood mechanism. 
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AHDIEH, H. B. AND H. I. SIEGEL. Hypothalamic nuclear estrogen receptors and lordosis behavior in hamsters. 
PHYSIOL BEHAV 36(4) 677-680, 1986.—These experiments examined the effects of a high and a low dose of estradiol 
benzoate (EB) in enhancing lordosis behavior and correlated these effects with the retention of hypothalamic nuclear 
estrogen receptors (NER) in female hamsters. Ten xg EB was significantly more effective in facilitating sexual receptivity 
in hamsters when it was followed 36 or 48 hr later by 0.5 mg progesterone (P), but not when P was given 24 hr after EB. Low 
levels of behavioral responses were observed in animals that received P at 24, 36 or 48 hr after 2 ug EB. Correspondingly, 
although the hypothalamic NER levels were equally elevated 24 hr after either a low or a high dose of EB, these receptor 
concentrations remained high at 36 and 48 hr post EB, only in those animals that received the high estrogen dose. The 
results of these experiments suggest that the long-term retention of NERs (which is maintained by a single high EB dose) 
may play an important role in the enhancement of sexual receptivity in hamsters. 
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SEQUENTIAL treatments with estrogen and progesterone 
(P) facilitate female sexual receptivity in rodents [4,8]. Al- 
though the control of estrous behavior is similar among var- 
ious rodents, there are species differences in behavioral 
sensitivity to steroids. For example, female hamsters are 
hyporesponsive to estrogen treatment, relative to rats, for 
the induction of sexual receptivity. Whalen [26] has found 
that full lordosis responses can be observed in ovariec- 
tomized rats given approximately 32 wg EB/kg followed by 
P. In contrast, hamsters may require as much as 50-80 ug/kg 
body weight of EB for the occurrence of maximal level of 
estrous behavior [11, 12, 19]. 

On a molecular level, it is hypothesized that the priming 
effects of estradiol are mediated through its binding with 
receptor molecules within the cytoplasm and nuclear com- 
partments of the hypothalamic cells [13,21] and that the ac- 
cumulation of the estrogen-receptor complexes within the 
cell nuclei is a prerequisite for the induction of female sexual 
behavior [16]. It is not clear whether the initial increase in 
the cell nuclear estrogen receptor level is sufficient to fully 
prime the animal to behaviorally respond to P (triggering 
effect) or that the extent of the lordosis responses depends 
on the presence of estradiol in brain cell nuclei throughout 
the estrogen conditioning period (maintenance effect). There 
is evidence for both the triggering and the maintenance ef- 
fects in rats [2, 14, 16]. 

In the following experiments we attempted to demon- 
strate an association between sexual behavior and the level 
of hypothalamic nuclear estrogen receptors (NER) in female 
hamsters. Specifically our studies were designed to exam- 
ine differences in receptor concentration after the adminis- 
tration of two doses of EB that vary in their effectiveness to 
stimulate lordosis behavior. 


Hamster 


METHOD 
Subjects 


Adult male and female hamsters were obtained from 
Charles River Breeding Laboratories (Wilmington, MA) at 
about 2 months of age. Animals were maintained on a 14 
hr light-10 hr dark photoperiod with lights on at 0100 hr. 
Food and water were provided ad lib. Ovariectomies were 
performed using bilateral incisions under sodium phenobar- 
bital (Nembutal) anesthesia. 


Lordosis Testing 


Experimental tests consisted of placing the female in the 
home cage of males (two males per cage) for 5 minutes. 
Latency to the first display of lordosis (LFL) and total lor- 
dosis duration (TLD) were measured. The female was con- 
sidered in lordosis posture when she remained absolutely 
immobile, her back was flat, and her tail was raised at least 
to the horizontal position. 


EXPERIMENT | 
Procedure 


In the behavioral part of this study we tested the effec- 
tiveness of a high or a low dose of EB in facilitating sexual 
behavior in hamsters. All animals were ovariectomized and 
two weeks later they were divided into 6 groups (n=5 in each 
group). Each group received either 2 ug EB (low dose) or 10 
ug EB (high dose), followed 24, 36 or 48 hr later by 0.5 mg P. 
Females were tested for lordosis 6 hr after P administration. 


Results 


Twenty-four hr after estrogen treatment, the behavioral 
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FIG. 1. Latency to the first display of lordosis (LFL) and total 
lordosis duration (TLD) of female hamsters which were given 0.5 mg 
progesterone (P) 24, 36 or 48 hr after either 2 or 10 wg estradiol 
benzoate (EB). Animals were tested for five min for sexual recep- 
tivity 6 hr after P administration. 


responses of animals that received 10 wg EB were similar to 
those that received 2 wg EB. By 36 and 48 hr after EB admin- 
istration, the LFL had significantly decreased (Kruskall 
Wallis ANOVA, H=9.68, p<0.01) and TLD had signifi- 
cantly increased (Kruskall Wallis ANOVA, H=6.69, 
p<0.05) in animals injected with 10 wg EB (Fig. 1). These 
responses, however, remained unchanged, across time, in 
females that received 2 wg EB. Comparisons between the 
high and the low dose of EB by the Mann Whitney U test 
revealed that both at 36 and 48 hr, LTD was significantly 
shorter (U=0, p<0.01) and TLD was significantly longer 
(U=0, p<0.01) in hamsters injected with 10 wg EB than 
those which received 2 wg EB (Fig. 1). 


EXPERIMENT 2 


In Experiment | we established a time-dose relationship 
for the induction of sexual receptivity by EB. In this experi- 
ment we attempted to correlate our behavioral findings with 
hypothalamic nuclear estrogen receptor (NER) levels. Spe- 
cifically, our aim was to examine the temporal relationship 
between the retention of NERs and the display of lordosis 
using the same estrogen treatments as in Experiment 1. 


SATURATION AND SCATCHARD ANALYSES OF BRAIN CELL 
NUCLEAR ESTROGEN RECEPTORS 


Procedure 


Two weeks after surgery, 16 ovariectomized hamsters 
were given injections of 10 wg EB and killed by decapitation 
24 hr later. Hypothalamus and preoptic area (HPOA) were 
dissected according to the method of Roy and Wade [22]. 
The nuclear estrogen receptors were measured according to 
the exchange assay of Roy and McEwen [23]. The HPOA 
from 2 animals were pooled and homogenized in 1.5 ml of a 
phosphate buffer (1 mM KH,PO,, 0.32 M sucrose, 3 mM 
MgCl,, 0.25% Triton X-100, pH 6.8) and centrifuged at 1100 
x g for 10 min. The pellet was washed in 1 ml phosphate 
buffer minus Triton X-100. Nuclei were purified by centrifu- 
gation through 2 M sucrose buffer (1 mM KH,PO,, 1 mM 
MgCl., pH 7.0) at 27,000 x g for 30 min. For salt extraction 
of the nuclear estrogen receptors, 150 «| of TBD buffer (10 
mM Tris-HCl, 1 mM dithiotrietol, 0.5 mM bacitracin, pH 
7.6) was added to the pellet and vortexed. An equal volume 
of TBDK.8 (TBD, 0.8 M KCl) was added and vortexed. 


AHDIEH AND SIEGEL 


8 


fmole (°H)-Ez specifically 
bound /mg DNA 











o 8 8 8 8 


pf 10 2 


pM (°H)-E, 
nM Concentration specifically bound 


FIG. 2. Saturation (left graph) and Scatchard (right graph) analyses 
of nuclear estrogen receptors in the hypothalamus-preoptic area 
(HPOA) of female hamsters 24 hr after an injection of 10 wg EB. 
Aliquots of nuclear extract were incubated at 25°C for 4 hr with 
various concentrations (0.1—5.0 nM) of [*H]estradiol with or without 
100 fold excess of unlabeled estradiol to determine the total and the 
non-specific bindings. 


Samples were stored at 0°C for 30 min and were centrifuged 
at 25,000 x g for 10 min. All the supernatants containing 
solubilized estrogen receptors were pooled into a single tube 
from which 125 yl aliquots were incubated with various con- 
centrations (9.1-5 nM) of [*H]estradiol (specific activity: 93 
ci/mmol; New England Nuclear) with or without 100 fold 
excess of unlabeled estradiol for 4 hr at 25°C. Bound and free 
[*H]estradiol were separated by gel filtration using Sephadex 
LH-20 mini columns. One hundred and twenty-five pl 
aliquots of each sample were washed onto the column with 
100 wl of TBDK.4 buffer. Thirty min later, 500 ul of buffer 
was applied and the bound [*H]estradiol was eluded. Nuclear 
pellets were dissolved in 0.3 N KOH and DNA content was 
determined by the method of Burton [5]. 


Results 


The saturation curve and the Scatchard plot of hypotha- 
lamic nuclear estrogen receptors are shown in Fig. 2. The 
specific bindings in the presence of increasing concentra- 
tions of radioactive ligand indicate that nuclear receptors are 
saturated at the concentration of about 1.0 nM although in 
vivo studies are needed to verify whether all receptors are 
indeed saturated after an injection of 10 wg EB. The Scatch- 
ard analysis of [*H]estradiol binding in the HPOA of ham- 
sters yielded an equilibrium constant (Kd) of 0.21 nM and 
maximum number of binding site (Bmax) of 19.6 pM. The 
binding affinity of hypothalamic nuclear estrogen receptors 
obtained in this study is similar to that reported for rats [23]. 


HYPOTHALAMIC NUCLEAR ESTROGEN RECEPTORS AFTER A 
HIGH OR A LOW DOSE OF EB 


Procedure 


Two weeks after ovariectomy, female hamsters were di- 
vided into 2 groups, receiving either 2 or 10 wg EB. Each 
group was then divided into 3 subgroups (n=4 in each sub- 
group) and killed 24, 36 or 48 hr after the EB injection. Eight 
ovariectomized hamsters were given oil and killed 24 hr la- 
ter. This group served as a control for the EB-treated 
animals. The brain dissection and the receptor assay were 
performed as outlined previously. We used a concentration 
of 1.0 nM [*H]estradiol to incubate the nuclear extracts since 
this concentration was shown in the first part of this experi- 
ment to saturate all the specific binding sites. 
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FIG. 3. HPOA (left graph) nuclear estrogen receptor levels of ham- 
sters 24, 36 or 48 hr after the administration of 2 or 10 wg EB, or at 24 
hr after the injection of oil (control group). Receptor levels in the 
cortex (right graph) were also determined 24 hr after injections of oil, 
2 or 10 wg EB. 


In order to determine the relative NER levels in the cere- 
bral cortex, samples from the parietal cortex equivalent in 
size to that of HPOA were dissected using the land marks 
described by McEwen and Pfaff [17]. These cortical samples 
were obtained from the animals that were killed 24 hr after 
injections of oil, 2 or 10 wg EB. 


Results 


Twenty-four hr after either 2 or 10 ug EB, the HPOA cell 
nuclear estrogen receptors reached high levels (Fig. 3). A 
two way ANOVA revealed significant main effects for both 
dose, F(1,18)=5.14, p<0.05, and time, F(2,18)=16.3, 
p<0.001. In those animals that had received 2 wg EB, there 
was a Significant decline in receptor level from 24 hr to 36 
and 48 hr (Duncan’s Multiple Range Test, p<0.05). Thus by 
48 hr post EB these levels were comparable to those of oil- 
treated controls. In contrast, the nuclear estrogen receptor 
concentration in hamsters given 10 wg EB and sacrificed at 
48 hr were significantly higher (p<0.05) than the levels found 
in animals treated with 2 wg EB. Although there was a re- 
duction in NER concentrations from 24 hr to 36 and 48 hr 
after 10 wg EB, this reduction was not significant (p>0.05). 

The NER levels in the cortex of hamsters increased 
slightly 24 hr after injections of either a high or a low dose of 
EB (Fig. 3). A lack of EB-induced rise in NER concentra- 
tions in the cortex has also been reported for rats [16,27]. 


GENERAL DISCUSSION 


The results of these experiments indicate that the long 
term retention of hypothalamic NER levels induced by a 
single high dose of EB (10 yg) may be a prerequisite for the 
full expression of sexual behavior in hamsters. Treatment of 
females with P, 36 or 48 hr after injection of 10 wg EB (high 
dose) resulted in high levels of lordosis responses. These 
behavioral responses were significantly lower in those 
animals that were given P after 24 hr exposure to a high dose 
of EB, or after 24 hr or longer exposure to a low dose of EB. 
Thus, although the concentration of hypothalamic NERs, 
after the administration of 2 or 10 wg EB, was higher at 24 hr 
than at 36 or 48 hr, lordosis responses were not fully elicited 
at 24 hr. With a high dose of EB, these receptor levels re- 
mained elevated even at 48 hr post hormone treatment. 
Correspondingly, the display of lordosis was significantly 
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enhanced at 36 and 48 hr relative to the behavior observed at 
24 hr after the injection of a high dose of EB. Therefore, it 
appears that a long term retention of high levels of estrogen 
receptors within the hypothalamic cell nuclei, rather than the 
initial (within 24 hr) rise in NER concentration may be re- 
sponsible for the expression of maximal lordosis responses. 

It is interesting to note that 10 wg EB failed to increase 
NER levels above those obtained with a low EB dose (at 24 
hr). Thus the facilitative effects of a high dose of EB on 
behavior, 36 and 48 hr after estrogen conditioning, could not 
be attributed to its ability to increase the NER levels above 
those induced by a low EB dose at 24 hr. The low EB dose 
may be sufficient to saturate all the cytosolic estrogen recep- 
tors within the HPOA cells. This possibility is supported by 
the reports of lower [*H]estradiol uptake [11] and cytosolic 
receptor concentration [25] in the HPOA of hamsters as 
compared to rats. Alternatively, the NER levels in those 
animals that received 10 wg EB may have been higher earlier 
than 24 hr post EB injection and could have served to trigger 
lordosis behavior at 48 hr. At this time it is not known 
whether the greater effectiveness of the 10 wg EB dose is due 
to higher receptor levels prior to 24 hr or to those found at 36 
and 48 hr. Our studies were not specifically designed to 
examine the maintenance effects of EB priming. Further 
studies are needed along the lines of those of Blaustein et al. 
[2] which showed that an anti-estrogen given relatively later 
during estradiol priming period was still able to inhibit sexual 
receptivity. 

In the cycling hamsters, the peak in circulating estradiol 
concentration, prior to ovulation and the appearance of sex- 
ual receptivity, is considerably higher (expressed as pg/mg 
serum) than proestrous levels in rats [1,24]. Furthermore, 
prior to the proestrous peak, there is a sustained elevated 
level of circulating estradiol from diestrus to proestrus [24]. 
These high levels of blood estradiol may function to maintain 
an elevated brain NER concentration, thus facilitating the 
behavioral estrus in response to P secretion. 

In rats, after a few days of EB treatments, lordosis quo- 
tients are equivalent to those typical of females in natural 
heat or receiving EB plus P [9,10]. In the hamster, however, 
lordosis responses after EB are lower (even after several 
weeks of treatment) than those observed in natural estrus or 
after treatment with EB and P [6,7]. Studies have shown that 
estrogen priming increases cytoplasmic progestin receptors 
in the HPOA and that the behavioral responses of animals to 
P depends on the level of these receptors [3, 18, 20]. Consid- 
ering the necessity of P in the facilitation of sexual receptiv- 
ity in hamsters, it is possible that the long term retention of 
hypothalamic NERs may function to induce maximum con- 
centration of cytoplasmic progestin receptors which in turn 
could mediate the facilitative effects of P on lordosis. Studies 
are currently being conducted in this lab to examine this 
hypothesis. 
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McLAUGHLIN, C. L., C. A. BAILE AND M. A. DELLA-FERA. Changes in brain met-enkephalin concentrations with 


peptides in the brain are important in the control of food intake. Administration of opioid and CCK peptides have elicited 
hunger and satiety, respectively. To evaluate the interaction of these peptides and their role in the central nervous system, 
concentrations of met-enkephalin were measured in the hypothalamus of rats following peripheral administration of CCK; 
in addition, effects of feeding and fasting and obesity were studied. In CCK- vs. saline-injected rats met-enkephalin 
concentrations were decreased in the paraventricular nucleus (PVN), suprachiasmatic nucleus (SC), supraoptic nucleus 
(SON), dorsomedial hypothalamus (DMH) and ventromedial hypothalamus (VMH). In fed compared with fasted rats 
met-enkephalin concentrations were higher in the anterior hypothalamus (AH) and lower in the SC; in obese compared with 
lean rats, concentrations were higher in the AH, PVN, SC, SON, DMH, lateral hypothalmus and VMH. These results 
show that peripheral injections of CCK can decrease concentrations of met-enkephalin in the brain and suggest a mech- 
anism by which these peptides may interact to influence behavior. In addition, the findings support the hypothesis that the 


hyperphagia which is typical of obese rats may be due to increased concentrations of met-enkephalin. 
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Control of food intake 
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THE control of food intake is likely to be mediated by sev- 
eral factors which interact to influence feeding behavior. It 
has been shown that the putative satiety peptide cholecys- 
tokinin (CCK) decreases food intake under a variety of con- 
ditions in several animal models, and evidence suggests that 
the behavior is more like that of satiety than aversion (e.g., 
{1, 4, 7, 20]). Administration of opioid peptides, on the other 
hand, has been associated with increased feeding although 
the responses are dose dependent [2, 10, 16, 18, 23]. Both 
CCK and opioid peptides influence food intake when ad- 
ministered in the central nervous system (CNS) and periph- 
erally. 

The feeding response to peripherally injected CCK pep- 
tides is likely to involve a CNS component. The results of 
several experiments suggest that the vagal pathway is an 
important component in this response. Smith ef al. have 
shown that abdominal, and specifically gastric vagotomy, 
inhibits the satiety response to peripherally administered 
CCK and that the integrity of afferent vagal fibers is neces- 
sary for the response to occur [28,29]. Crawley et al. have 
shown that severing of the sensory pathway to the paraven- 
tricular nucleus by lesions or knife cuts at each of several 
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places along the pathway influences the feeding response to 
CCK [3]. Other evidence suggesting that CCK in the CNS 
mediates feeding is the demonstration that concentrations of 
CCK in the hypothalamus are increased in rats after a meal 
compared with those after a 6-hr fast [22]. 

Feeding has been stimulated in sheep during a continu- 
ous injection of D-ala*-met*-enkephalinamide (DALA) into 
the lateral cerebroventricles [4]. In rats food intake was also 
increased by injection of DALA into either the paraventricu- 
lar nucleus or ventromedial hypothalamus, although bolus 
injection of met-enkephalin or other met-enkephalin 
analogues into the cerebrospinal fluid were ineffective [16, 
18, 23, 30]. Intraperitoneal injection of RX 783030, a 
stabilized enkephalin analogue also increased food intake in 
rats [26]. On the other hand, food intake was not affected by 
once daily intraperitoneal injection of met-enkephalin for 
four days and was decreased by similar injection of a 
D-ala*-met-enkephalin analogue [13]. Thus, peripheral and 
central administration of met-enkephalin analogues can in- 
fluence food intake, but there are structural specificities. 
Met-enkephalin concentrations in the hypothalamus exhibit 
diurnal variations also found in the feeding pattern in rats 
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[15]. That is, concentrations of met-enkephalin and food in- 
take are both higher during the dark than light portion of the 
diurnal cycle, suggesting but not proving that the two obser- 
vations may be directly related. 

In Zucker obese rats concentrations of CCK have been 
shown to be higher in several regions within the hypothala- 
mus than in normal-weight rats [22], although receptor bind- 
ing in the hypothalamus appears not to differ between obese 
and lean rats [11]. This is in contrast to what would be ex- 
pected if there were a ‘deficiency’ of a satiety peptide re- 
sponsible for the hyperphagia exhibited by these rats. In 
addition, Zucher obese rats and animals representing other 
models of obesity respond less to the satiety effect of periph- 
eral injections of CCK [14, 19, 20]. Increased food intake 
might, on the other hand, be due to increased concentrations 
of opiate peptides as first hypothesized by Margules et al. 
[17]. Although concentrations of B-endorphin were increased 
in the pituitary of obese rats and mice compared with con- 
trols, they were not different in the hypothalamus, the part of 
the brain associated with control of feeding behavior [8,25]. 
Thus, at present there is little evidence that opioid peptides 
in the brain contribute to genetic obesity. 

Morphine injection, in addition to producing analgesia 
under a variety of conditions, increased food intake after 
some initial delay [31]. It has been suggested that analgesia 
after morphine may be mediated by increased concentrations 
of B-endorphin and/or met-enkephalin [12,27]. Results from 
studies of analgesia and food intake have provided evidence 
that there is an interaction of CCK and met-enkephalin pep- 
tides. It has been shown that morphine-induced analgesia can 
be blocked by injection of CCK and can be enhanced by the 
presence of endogenous CCK antibodies as well as injection of 
proglumide, a CCK-receptor antagonist [5, 6, 32]. On the 
other hand, effects of CCK on tail-pinched-induced feeding 
can be blocked by concurrent injection of DALA [24]. In the 
present study the possibility that peripherally injected CCK 
may affect central concentrations of met-enkephalin was in- 
vestigated. The finding that peripheral injections of CCK 
affected concentrations of met-enkephalin would suggest a 
mechanism for their interaction on these two systems. Obese 
rats were used to determine if the hyperphagia were associ- 
ated with increased concentrations of this opioid peptide and 
whether their decreased responsivity to CCK might be due 
to a differential effect on met-enkephalin concentrations in 
the brain. 


METHOD 
Rats 


Forty-eight female Zucker rats were selected from our 
colony and were housed in individual cages under conditions 
of a 12-hr light-dark cycle and constant temperature. During 
a 2-week period all rats were adapted to a 6-hr fast initiated 
at “‘lights on’’ (7 a.m.) and were trained, using a continuous 
reinforcement schedule, to bar press for food (45 mg pellets, 
P. J. Noyes Company) in an automated feeding behavior 
apparatus. At all other times rats had ad lib access to Ralston 
Purina Rat Chow pellets. 


Experimental Design 


There were 24 obese and 24 lean (homozygous and 
heterozygous) rats weighing an average of 588 and 284 g 
respectively (p<0.001). The rats in each phenotype were di- 
vided into six groups of four rats by body weight. Within 
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FIG. 1. Diagram of the sections of the brain from which samples 
were taken. AH=anterior hypothalamus, PVN=paraventricular 
nucleus, SC=suprachiasmatic nucleus, SON=supraoptic nucleus, 
DMH=dorsomedial hypothalamus, LH=lateral hypothalamus, 
OT=optic tract. 


each group of four rats four treatments were assigned. At the 
end of a 6-hr fast the rats were administered one of four 
treatments: (1) injection with 1.0 ml/kg saline and immediate 
access to food in the feeding behavior apparatus, (2) injec- 
tion with 1.0 ml/kg saline and no access to food in the home 
cage, (3) injection of 2 wg/kg CCK-8 (kindly supplied by J. 
Luciana Squibb Institute) and immediate access to food in 
the feeding behavior apparatus and (4) injection of 2 wg/kg 
CCK-8 and no access to food in the home cage. Animals 
administered treatments 2 and 4 (fasted) were each paired 
with an animal administered treatments | and 3 (fed), re- 
spectively. On each experimental day fed animals were sac- 
rificed 5 min after they had last pressed for food. Each fasted 
rat was sacrificed the same number of minutes after injection 
as the fed rat with which it had been paired. On each treat- 
ment day one group of lean and one group of obese rats, 
representing the four treatments in each, were sacrificed. 


Tissue Collection 


At the appointed time each rat was sacrificed by decapi- 
tation. Rapidly the skull cap was removed and the brain was 
placed on a chilled metal surface. The pituitary was removed 
and dissected into anterior and neurointermediate lobes. The 
olfactory bulbs were removed and dissected into main and 
accessory lobes. Two 1.0 mm slices of the brain were 
formed, the anterior portion of the first being just posterior 
to the optic chiasma. From the anterior slice, areas desig- 
nated anterior hypothalamus (AH), paraventricular hypo- 
thalamus (PVN), supraoptic nucleus (SON) and supra- 
chiasmic nucleus (SN) were taken (Fig. 1). From the 
posterior slice, areas designated the ventromedial hypothal- 
amus (VMH), dorsomedial hypothalamus (DMH) and lateral 
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TABLE 1 


MET-ENKEPHALIN CONCENTRATIONS (pg/mg TISSUE) IN HYPOTHALAMIC AREAS OF ZUCKER OBESE AND LEAN RATS INJECTED WITH 
SALINE OR 2 g/kg CCK-8 AND FED OR FASTED (NS=NOT SIGNIFICANT) 





Saline CCK-8 Probability of a significant difference 


Phenotype 


Fed 


Fasted 


Fed 


Fasted 


SE 


Tr 


Fe 


Ph 


TrxFe 


TrxPh 


FexPh 


TrxFexPh 





Obese 
Lean 


Obese 
Lean 


Obese 
Lean 


Obese 
Lean 


Obese 
Lean 


Obese 
Lean 


Obese 
Lean 


169 
139 


168% 
77* 


105 
88 


118% 
90*+ 
90 
67 


170 
111 


66 
48 


159 
94 


122+ 
81* 

129 
82 


156§ 
74* 


101 
78 


172 
94 


60 
31 


166 
154 


83* 
ve" 


52 
39 


143 13 
127 


os*t = 
72* 

107 

60 

87*+ 

71* 


62 
59 


120 
81 


56 
35 


NS 


0.003 


0.001 


0.001 


0.001 


0.001 


NS 


0.007 


NS 


NS 


NS 


NS 


NS 


NS 


0.002 


0.001 


0.001 


0.001 


0.049 


NS 


NS 


NS 


0.009 


NS 


0.009 


NS 


0.001 


0.022 


NS 


NS 


0.006 


0.001 


NS 


NS 


NS 


NS 





SE is the standard error of the treatment means, ANOVA. *+¢§Means with the same symbol are not different, Duncan’s multiple range 


test, p<0.05. 
Tr=treatment, Fe=fed/fasted, Ph=phenotype. 


hypothalamus (LH) were taken. Each sample was placed ina 
weighed microfuge tube and the tube was stored in dry ice 
until all samples were collected. The sample tubes were 
weighed and frozen until the following day. To each sample 
was added 1.0 ml 0.1 N HCl. The samples were sonicated 20 
sec and, after 30 min on ice, 100 yl aliquots of the superna- 
tant, obtained by microfuging, were stored for future 
radioimmunoassay. 


Radioimmunoassay for Met-Enkephalin 


Each sample was neutralized with 10 ul of 1 N NaOH, 
and assay buffer (0.1 M phosphate pH 6.8, 0.1% BSA) was 
added in amounts varying from 0.5 to 2.5 ml to obtain con- 
centrations within the optimal assay range (7.8 to 500 
pg/tube, 50% displacement by 60-90 pg/tube). The assay 
procedure outlined in a methionine enkephalin kit from Im- 
munonuclear Corp. was followed. Two hundred yl of stand- 
ard or sample was incubated with rabbit anti-met-enkephalin 
serum and ']-met-enkephalin for 16 hr. The antigen- 
antibody complex was precipitated with rabbit gamma 
globulin carrier and 500 yl saturated ammonium sulfate. 
After 15 min samples were centrifuged, the supernatants 
were aspirated and the precipitates counted for 1 min. The 
antibody has an affinity constant of 4x10? L/M and cross- 
reacts 100% with met-enkephalin, 2.8% with leu-enkephalin 
and less than 0.1% with B-endorphin, porcine dynorphin 
1-13 and substance P. 


Data Analysis 


Data were subjected to factorial analysis with factors of 
injection treatment, feeding condition and phenotype. 


RESULTS 
Food Intake 


Number of uneaten pellets (usually 0) was subtracted 
from the total number of bar presses to calculate amount 
eaten. Food intakes of saline- vs. CCK-injected obese rats 
were 2.9+0.3 and 2.3+0.2 g respectively (21% decrease) and 
lean rats were 3.4+0.8 and 2.0+0.5 g respectively (41% de- 
crease). They were decreased in CCK- compared with 
saline-injected rats (p><0.04), but were not different in obese 
compared with lean rats. Average length of time between 
injection and sacrifice was 21.4 min and 20.5 min for obese 
and lean rats, respectively. There were no significant differ- 
ences with phenotype or treatment. 


Met-Enkephalin Concentrations in the Hypothalamus 


Analysis of met-enkephalin concentrations in the hypo- 
thalamic areas revealed significant differences among areas; 
thus, the data for each area were analyzed separately. The 
mean values for each treatment group and results of the 
analysis are shown in Table 1. Injection of CCK resulted in 
concentrations of met-enkephalin which were decreased in 
the PVN, SC, SON, DMH and VMH across feeding condi- 
tion and phenotype. In fed vs. fasted rats met-enkephalin 
concentrations were decreased in the AH and increased in 
the SC. Across injection treatments and feeding conditions 
met-enkephalin concentrations were higher in all areas of the 
hypothalamus of obese compared with lean rats. 

There were also significant interactions of the three 
factors tested (Table 1). In the PVN met-enkephalin concen- 
trations were influenced by all factors. In lean rats there 
were not effects of treatment, while in obese rats injected 
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TABLE 2 


MET-ENKEPHALIN CONCENTRATIONS (pg/mg TISSUE) IN MAIN AND ACCESSORY OLFACTORY BULBS (MOB AND AOB, RESPECTIVELY) 
AND ANTERIOR AND NEUROINTERMEDIATE PITUITARY (AP AND NIP, RESPECTIVELY) OF ZUCKER OBESE AND LEAN RATS INJECTED 
INTRAPERITONEALLY WITH SALINE OR 2 wg/kg CCK-8 AND FED OR FASTED (NS=NOT SIGNIFICANT) 





Fed or 


Treatment Fasted Obese Lean SE 


Probability of a significant difference 


Fe Ph TrxFe TrxPh FexPh TrxFexPh 





Saline Fed 483 330 35 
Saline Fasted 467 299 
CCK Fed 441 295 
CCK Fasted 358 323 


Saline Fed 189 147 
Saline Fasted 147 145 
CCK Fed 166 149 
CCK Fasted 151 181 


Saline Fed S497¢ 798§ 
Saline Fasted S535+¢ 325* 
CCK Fed 595 405*+ 
CCK Fasted 334* 454* +t 


Saline Fed 2309 2307 
Saline Fasted 3926 2891 
CCK Fed 2858 3175 
CCK Fasted 1955 3111 


NS 0.001 NS NS NS NS 





SE is the standard error of the treatment means, ANOVA. *+¢§Means with the same symbol for an area are not different, Duncan’s 


multiple range test, p<0.05. 


with saline, but not CCK, concentrations were higher after a 
meal (fed) than after a fast. Analysis of the met-enkephalin 
concentrations in the SC demonstrated an interaction of 
feeding condition with phenotype. Duncan’s multiple range 
test revealed that in obese rats concentrations were higher in 
fasted than fed rats (118 vs. 94 pg/mg tissue), while in lean 
rats concentrations were higher in fed than fasted rats (77 vs. 
44 pg/mg tissue, p<0.05). 

Met-enkephalin concentrations in the SON were also in- 
fluenced by all three factors. Analysis of the interaction re- 
vealed that in rats injected with saline, concentrations were 
higher in fasted than fed obese but not lean rats. Further- 
more, in rats injected with CCK, concentrations were lower 
in fasted than fed lean but not obese rats (Table 1). Analysis 
of a treatme at by feeding condition interaction in the DMH 
revealed that in fasted but not fed rats met-enkephalin con- 
centrations were higher after saline than CCK injection (90 
vs. 61 pg/ml tissue, p<0.05 and 79 vs. 71 pg/mg tissue, NS, 
respectively). In addition, in saline-injected but not CCK- 
injected rats, met-enkephalin concentrations in the DMH 
were higher in obese than lean rats (96 vs. 73 pg/mg tissue, 
p<0.05, and 63 vs. 67 pg/mg tissue, NS, respectively). In 
the VMH analysis of the significant treatment by phenotype 
interaction showed that in obese but not lean rats met- 
enkephalin concentrations were lower after CCK than saline 
injection (119 vs. 171 pg/mg tissue, p<0.05 and 90 vs. 103 
pg/mg tissue, NS, respectively). 


Met-Enkephalin Concentrations in the Olfactory Bulb 
and Pituitary 


Met-enkephalin concentrations were also measured in 
non-hypothalamic tissues, including the olfactory bulbs and 


pituitary (Table 2). The olfactory bulbs were divided into two 
parts, the main and accessory, and the only differences were 
measured in the main olfactory part. In this area concentra- 
tions were higher in obese than lean rats (437 vs. 311 pg/mg 
tissue, p<0.001). In the two parts of the pituitary changes 
were shown only in the anterior pituitary. Concentrations 
were higher in fed than fasted rats (586 vs. 412 pg/mg tissue, 
p<0.02) and higher in saline- than CCK-injected rats (552 vs. 
447 pg/mg tissue, p<0.001). Analysis of a three-factorial in- 
teraction showed that met-enkephalin concentrations were 
higher in fed than fasted lean rats injected with saline and in 
obese rats injected with CCK. 


DISCUSSION 


These results show that peripheral injection of CCK can 
influence concentrations of met-enkephalin in the central 
nervous system, specifically the hypothalamus. The finding 
is of particular interest because of the postulated roles for 
these two peptides in the control of food intake. Since exog- 
enous administration of opioid peptides, including met- 
enkephalin analogues, stimulates feeding, the demonstration 
that met-enkephalin concentrations are decreased in the 
hypothalamus after peripheral injection of CCK, which 
elicits satiety, suggests that CCK is acting to inhibit further 
stimulation of feeding. Much, but not all, of the data ob- 
tained in this experiment support this hypothesis. 

In fed compared with fasted rats across treatments, con- 
centrations of met-enkephalin were affected only in the AH 
and SC. In the SC, concentrations were higher in fasted com- 
pared with fed rats, as predicted on the basis that opiates 
stimulate feeding. In the PVN and VMH, however, no 
changes in met-enkephalin concentrations were seen with 
feeding, although in these two areas exogenously adminis- 
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tered met-enkephalin analogues increased food intake 
[22,30]. In contrast, in the AH, anatomically close to both of 
these areas, concentrations of met-enkephalin were lower in 
fasted than fed rats. Thus, the hypothesis that met- 
enkephalin concentrations are higher in fasted rats was not 
supported by these findings. However, it must be considered 
that while met-enkephalin analogues stimulated feeding 
when administered in the CNS, met-enkephalin itself has not 
been effective [18]. Thus, there may be a structural differ- 
ence which is critical for the response to occur, and which 
was not measured in the assay system used. 

Analysis of the interactions of CCK injection and feeding 
give some support to the possibility that met-enkephalin 
concentrations were associated with greater hunger. In both 
the SON and DMH met-enkephalin concentrations were 
lower in CCK-injected than saline-injected rats. Since in 
these areas the concentrations were lower in fed than fasted 
rats, the means were more like those of fed (satiated) than 
fasted rats, injected with saline. In this experiment concen- 
trations were expressed as pg peptide per mg tissue. The 
measurement does not indicate whether the peptide is stored 
in the cell and thus the synthesis rate may be increased, or 
whether its release is being inhibited. It is further possible 
that the receptor population has upregulated, so that even 
though a smaller amount of peptide is released from the cell, 
it is equally effective. Measurement of concentrations also 
does not provide any evidence of rate of release or degrada- 
tion or whether the peptide is inside or outside the cell. 
These kinds of results provide interesting information and 
give clues as to what might be happening in the CNS to elicit 
feeding behavior, but the above limitations must be kept in 
mind. 

In obese rats and mice B-endorphin concentrations were 
higher than those in lean controls in the pituitary but not 
hypothalamus [8,25]. In addition, in obese mice there is evi- 
dence for increased concentrations of leu-enkephalin as 
early as one month of age [25]; however, in adult mice leu- 
enkephalin and £-endorphin concentrations in the pituitary 
were increased only in females [9]. In Zucker obese rats 
B-endorphin concentrations in whole hypothalamus were re- 
ported to be the same as in lean rats, but in specifically the 
VMH they were decreased [8,21]. Thus, the finding of in- 
creased concentrations of met-enkephalin in several areas of 
the hypothalamus suggests that increased concentrations of 
met-enkephalin might also be involved in the hyperphagia 
exhibited by these animals. It has been hypothesized that 
the increased concentrations of CCK demonstrated in 
Zucker rats do not result in increased satiety possibly be- 
cause of receptor downregulation [22]. However, a con- 
comitant increase in met-enkephalin concentrations, 
demonstrated in the present study, suggests that the 
increased CCK might be a compensatory response to the 
abundance of met-enkephalin present, but may not cause 
increased satiety. 

If met-enkephalin concentrations are involved in the con- 
trol of food intake, then in obese rats the concentrations 
might not only be higher, but they may be differentially af- 
fected by the state of hunger of obese compared with lean 
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rats. Analysis of feeding condition by phenotype interactions 
which occurred in the SC and SON revealed that in both 
areas the met-enkephalin concentrations were highest in the 
obese fasted rats (most hungry) and that, while concentra- 
tions were higher in fasted than fed obese rats, they were 
higher in fed than fasted lean rats. This shows not only a 
difference in concentration with obesity, but a differential 
effect of fasting in obese and lean rats in these two areas 
closely located anatomically. 

It has been shown previously that in obese rodents there 
is a diminished satiety response to CCK [14, 19, 20]. In the 
present experiment, however, the interaction of phenotype 
by treatment effects on food intake was not significant, 
possibly because of the relatively small number of rats per 
treatment. However, the decrease in food intake following 
CCK injection in lean rats was twice that in obese rats (1.4 
vs. 0.6 g), indicative of decreased sensitivity in obese rats. 
The measurement of concentrations of met-enkephalin after 
CCK injection provides a mechanism by which this differ- 
ence might occur. Interactions of phenotype by treatment 
were demonstrated in the PVN, SON, DMH and VMH and 
in each of these 4 areas injection of CCK resulted in lower 
concentrations of met-enkephalin than injection of saline, 
but only in obese rats. This would suggest that there is a 
greater suppression of hunger by CCK in obese than in lean 
rats and that they would thus not respond as much as lean 
rats to treatment, which, indeed, is the case [20]. It must be 
also kept in mind that obese rats were administered two 
times as much CCK as lean rats, the dose being determined 
on a per kg body weight basis. 

In the rats used in this experiment CCK concentrations 
were also measured [22]. In CCK-injected compared with 
saline-injected rats CCK concentrations were lower in the 
VMH and DMH, two areas in which concentrations of met- 
enkephalin were also decreased, and in the LH, in which 
there were no significant changes in met-enkephalin concen- 
tration with injection. In addition, across treatments, CCK 
concentrations were higher in fed than fasted rats only in the 
VMH. CCK concentrations were unaffected in the AH or 
SC, where met-enkephalin changes occurred in the present 
study. As shown in a previous study [22] CCK concentra- 
tions were higher in several hypothalamic areas of obese 
compared with lean rats. Thus, there were differential 
changes in these areas of the hypothalamus with injection of 
CCK and, while changes in both CCK and met-enkephalin 
occurred in some areas of the hypothalamus, differential 
changes occurred in most areas, demonstrating specificity of 
changes for both area and peptide. 

The results of this experiment have shown that peripheral 
injection of CCK can influence met-enkephalin concentra- 
tions within specific hypothalamic nuclei. This suggests that 
peripheral information can, indeed, influence central peptide 
concentrations and feeding behavior. In addition, the results 
suggest that Zucker obese rats may be hyperphagic because 
of increased concentrations of met-enkephalin, analogues of 
which stimulate feeding in normal rats. This finding may 
explain why hyperphagia can occur in obese rats in spite of 
the presence of increased concentrations of CCK. 
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FULLER, C. A. AND D. M. EDGAR. Effects of light intensity on the circadian temperature and feeding rhythms in the 
squirrel monkey. PHYSIOL BEHAV 36(4) 687-691, 1986.—The circadian rhythms of body temperature and feeding appear 
to be timed by separate pacemakers. Tonic administration of light has been used to investigate the response of the 
pacemaker timing behavioral rhythms; however, the response of the body temperature rhythm has not been similarly 
examined. This study investigates the circadian timing of the body temperature rhythm under conditions of different light 
intensity. We simultaneously recorded the patterns of both feeding and body temperature in squirrel monkeys free-running 
in an environment free of external time cues. In each lighting condition, the periods of the body temperature and feeding 
rhythms were identical. In constant bright light the rhythm periods were longer than when the animals were exposed to 
constant dim light. In addition, the variability of the periods was dependent on light intensity. The feeding rhythm period 
variance of animals in constant bright light was smaller than when in dim light. Conversely, the period of the free-running 
body temperature rhythm exhibited more variability in bright light than in dim light. Further, in each condition, there were 
changes in phase angle relationship between feeding and body temperature which were qualitatively similar to those 
observed in humans, although quantitatively smaller in magnitude. Thus, in the squirrel monkey, tonic light studies reveal 
that the mean circadian period of the body temperature and feeding rhythms are similar. However, changes in phase 
relationship, and differential rhythm period stabilities suggest differences in the period of the underlying, tightly coupled 


pacemakers. 


Primate Saimiri sciureus Circadian rhythms 


Temperature regulation 
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MANY physiological and behavioral variables exhibit cir- 
cadian rhythms. Considerable evidence suggests that the cir- 
cadian timekeeping system which generates these rhythms 
has a multioscillator organization [12]. This organization is 
inferred from two key lines of evidence. First, in humans, 
spontaneous internal desynchronization between the body 
temperature and the rest-activity rhythms [2,3], and between 
activity and urine potassium excretion rhythms [20] has been 
reported. Spontaneous internal desynchronization between 
the circadian rhythms of body temperature and urinary 
potassium excretion has also been observed in the squirrel 
monkey [15]. Second, lesions of the suprachiasmatic nucleus 
of the hypothalamus, a putative circadian pacemaker, leads 
to the loss of the circadian drinking rhythm, but not the 
circadian body temperature rhythm of the squirrel monkey 
[9] or cortisol rhythm of the macaque [14]. Thus, within the 
circadian system, the timing of the body temperature rhythm 
appears to be regulated by a separate pacemaker from that 
timing behavioral rhythms such as feeding, drinking or rest- 
activity. 

To date, no species other than human (including other 
non-human primates) has shown spontaneous internal de- 
synchronization between the temperature and rest-activity 
rhythms. Since these rhythms appear to be controlled by 
separate but coupled pacemakers in the squirrel monkey [9], 
we questioned whether they would respond similarly to en- 
vironmental influences, such as the tonic administration of 


light, which change the circadian period of the rest-activity 
rhythm. 

Aschoff [1] demonstrated that changes in the circadian 
period of animals’ free-running activity rhythms could be 
produced as a result of varying light intensity. These changes 
were usually opposite for nocturnal and diurnal organisms. 
Thus, as light intensity increased, the rhythm period de- 
creased in diurnal animals, while under the same conditions, 
the period increased in nocturnal animals. This relationship, 
known as ‘‘Aschoff's rule’’ [13], has been supported by 
numerous studies in a variety of animal species [4,7]. 

However, when Aschoff formulated this relationship, lit- 
tle data had been obtained from diurnal mammals—primates 
in particular. Exceptions to Aschoff’s rule have since been 
reported in hurnans [19,21] and nonhuman primates [8, 11, 
16, 18]. For example, the period of the feeding rhythm of the 
diurnal squirrel monkey is sensitive to light intensity. In 
constant bright light the feeding period is longer than in 
constant dim light [16,17]. This is the opposite of that ob- 
served for other diurnal mammals. 

To date, only behavioral rhythms (i.e., feeding, drinking 
or rest-activity) have been identified as showing period sen- 
sitivity to light intensity. The influence of light intensity on 
the period of rhythms such as the body temperature rhythm, 
which is timed by another clock, has not been examined. This 
study examines the effect of light intensity on the periods of 
the body temperature and feeding rhythms measured simul- 
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FIG. 1. Actograms of (A) feeding and (B) temperature rhythms of a squirrel monkey. The density of 
the data in A is proportional to the amount of feeding each 30 min. The density of the data in B is 
proportional to the elevation of body temperature every 10 min above a running 72-hr mean. The time 
of day is indicated at the top and the days of each lighting condition (a 24-hr light-dark cycle (LD 
12:12), constant light of 300 lux (LLo9) or 1 lux (LL,)) are indicated between the plots. 
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FIG. 2. A digital plot like that seen in Fig. 1. This data is from another animal with a longer period. In 
this case the data are quadruple plotted. 


taneously in unrestrained, individual squirrel monkeys. We __ Further, the data also indicate that light intensity influences 
show here similar significant changes in the free-running the rhythm period variance of feeding and body temperature 
periods of both feeding and body temperature rhythms, 


in a reciprocal manner, as well as influencing the phase rela- 
which occur in a manner contradicting Aschoff’s rule. tionship between these rhythms. 
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FIG. 3. A plot of the mean (+S.E.) free-running periods of the 
feeding and temperature rhythms of four squirrel monkeys in either 
LL... oF LL,. 


METHOD 
Experimental Protocol 


Four adult male squirrel monkeys (Saimiri sciureus) 
weighing 900-1200 g were used in this study. These diurnal 
animals were housed unrestrained in individual Plexiglas 
cages (464356 cm) with food and water ad lib. The 
animals were visually isolated from each other while housed 
in an environmental chamber in which ambient temperature 
was regulated at 27+0.5°C and exogenous sound was at- 
tenuated by white noise (80 dB). The monkeys were studied 
simultaneously for a total of 63 days under three sequential 
lighting conditions including: a 24-hr light-dark cycle (LD 
12:12), constant bright light (300 lux), and constant dim light 
(1 lux). Light intensity was measured at the position of the 
animal’s head. 

Cages were equipped with a pellet dispenser and lever 
which the monkeys were trained to operate to gain food. The 
number of pellets obtained for each half hour period of the 
experiment was continuously recorded by an Esterline 
Angus (DE2100) digital data collection system. Deep body 
temperature was monitored continuously via miniature 
radio-telemetry transmitters (Minimitter, model V) surgi- 
cally implanted in the peritoneal cavity 18-20 days prior to 
the experiment. Each telemeter was calibrated before and 
after the experiment. No drift or changes in sensitivity were 
observed. Temperature data were recorded every 10 minutes 
via an Esterline Angus (PD 2064) analog data collection sys- 
tem. Both body temperature and feeding data were trans- 
ferred to a Digital Minc 11/03 minicomputer for storage, 
analysis, and plotting. 


Data Analysis 


The mean circadian period was determined by fitting a 
sine wave to 24-hour segments of the data, and calculating 
the phase of the maximum of the sine function for each day 
of data. With this program all the values of the curve were 
used to determine the phase reference point of a cycle, not 
just the maximum and minimum values. The mean circadian 
period was then calculated by linear regression analysis, 
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FIG. 4. The mean (+S.E.) phase-angle difference (Ad) between the 
feeding and temperature rhythms in each of the lighting conditions. 


using the phase reference points for each day so that the 
slope of the line was equal to the change in phase per day. 
This value was added to 24.0 hours to give the mean circa- 
dian period of the rhythm in hours. 

Digital plots of feeding and body temperature data were 
used in this study to illustrate trends in rhythm periodicity. 
Digital feeding plots were obtained by plotting vertical pen 
strokes in an Actograph format such that the number of 
penstrokes per 30 minute sampling interval was directly pro- 
portional to the number of food pellets gained by the animal. 
Temperature plots were obtained by computing the mean 
body temperature over successive 72 hour intervals of the 
data, and plotting vertical penstrokes for those values which 
were greater than the corresponding computed mean. In this 
plot, the number of penstrokes per 10 minute sampling inter- 
val was proportional to the amount by which body tempera- 
ture exceeded the mean. Temperature values below the 
corresponding computed mean were not plotted. 


RESULTS 
Effects of Light Intensity on Rhythm Period 


Under conditions of constant illumination and devoid of 
any known environmental time cues, circadian rhythms of 
deep body temperature and feeding persisted in each squirrel 
monkey throughout the study. In Fig. 1, simultaneously ob- 
tained feeding and temperature records from a monkey illus- 
trate the effect of light intensity on these rhythms. The data 
are presented as digital plots; feeding on the left, and body 
temperature on the right. In each record the data for each 
day were plotted under that of the previous day. In addition, 
the data were double plotted to facilitate visual examination 
of the record. The days in which the lighting regimen was 
changed are indicated. For the first 8 days, monkeys were 
maintained in a 24-hr light-dark cycle (LD 12:12). This was 
followed by constant light of 300 lux (LLgo.). On day 38 the 
light intensity was reduced to 1 lux (LL,). It is apparent from 
the figure that during the LD cycle the animal was entrained 
to the 24-hr LD period. When exposed to LL.ao. the monkey 
showed free-running rhythms with the period of each rhythm 
in excess of 24 hours (24.7 hr for each rhythm). A marked 
decrease in the free-running period of both the feeding and 
body temperature rhythms (24.3 hr) was observed as a func- 
tion of light intensity. Similar findings from another monkey 
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are shown in Fig. 2. In this example, the animal had a longer 
free-running period (25.1 hr) than the animal in Fig. 1. Thus, 
a quadruple plot of the data was used to enhance visualiza- 
tion of the changes in rhythm period which occurred. 

The mean periods of the feeding and body temperature 
rhythms are shown in Fig. 3. The average periods were cal- 
culated from 10 days of data in each lighting condition for 
each animal and then averaged for all four monkeys. The 
mean periods of the feeding and body temperature rhythms 
were not significantly different from each other in either 
LL yoo, or LL,. This similarity between the feeding and tem- 
perature circadian periods was also observed in each indi- 
vidual animal, confirming the maintenance of internal syn- 
chronization between feeding and body temperature rhythms 
at each light intensity. In LL;.. monkeys showed an average 
free-running feeding period of 25.2+0.2 hr which was signifi- 
cantly longer (p<0.05 by ¢ test for related measures) than 
that in LL, (24.8+0.3 hr). The free-running period of the 
body temperature circadian rhythm showed a similar re- 
sponse to light intensity. In LL,.., the mean period of the 
body temperature rhythm (25.3+0.1 hr) was also signifi- 
cantly (p<0.05) longer than that observed in LL, (24.8+0.1). 
These findings establish that, like the feeding rhythm, the 
response of the squirrel monkey free-running body tempera- 
ture rhythm period to light intensity does not follow As- 
choff's rule. 


Light Intensity and Internal Phase Relationships 


To examine the effects of light intensity on rhythm cou- 
pling, internal phase relationships were determined by cal- 
culating the time (phase) difference between the calculated 
peak values of feeding and body temperature rhythms from 
the same days used to calculate the mean circadian periods. 
Figure 4 shows the mean phase difference values computed 
from the average phase difference from each monkey for 
each of the three lighting conditions. When the animals were 
entrained to LD, the average time at which the feeding 
rhythm peaked was 0.7+0.04 hours earlier than that of the 
body temperature rhythm. In LL.., there was a small 
change in the average phase relationship of these rhythms 
such that peak feeding time preceded that of body tempera- 
ture by 0.3+0.16 hours. In LL,, the phase relationship re- 
versed from that observed in LL... such that the peak time 
of body temperature preceded that of feeding by 0.4+0.21 
hours. In addition to the average responses, each individual 
animal showed the same trend. Furthermore, this change of 
0.7 hours in phase relationship in response to a reduction of 
approximately 300 lux in light intensity was significant 
(p<0.02) as calculated by Student's t-test. It was particu- 
larly interesting to note that the greatest change in phase 
angle difference with respect to that observed in LD oc- 
curred in LL, when the circadian period was shortest. 


Influence of Light Intensity on Rhythm Stability 


The LL temperature data shown in Figs. 1 and 2 suggest 
differences in period stability of the rhythms in the two dif- 
ferent light intensities. To estimate this, the variance of the 
daily phase change calculated from cycle to cycle in each 
rhythm for the last 10 days of each lighting regimen was used 
as an index of period stability of the free-running rhythms of 
feeding and body temperature. Changes in variability of the 
rhythm periods were calculated as the percent increase in the 
variance of free-running period from LD to either LL... or 
LL,. In LL yo9 the body temperature rhythm variance of all 
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animals increased by an average of 156 percent, whereas the 
LL, mean variance increase was only 50 percent. Thus, the 
stability of the body temperature period in LL, was greater 
than that observed in LL 3... However, feeding in all animals 
showed an increase in period stability in LL4 . as opposed to 
LL,. Here, the variance increased from an average of 93 
percent in LL, to 344 percent in LL,. Examination of the 
correlation coefficients (r) of each animal for both lighting 
conditions showed similar results. The temperature rhythms 
demonstrated an increase in r in three of the four animals in 
dim as compared to bright light. The feeding rhythms, on the 
other hand, demonstrated a decrease in r for all four animals 
in dim as compared to bright light. 


DISCUSSION 


The results of this study show that the periods of the body 
temperature and feeding rhythms in the squirrel monkey re- 
spond similarly to the intensity of incident illumination; in 
dim light the period is shorter than in bright light. This is 
consistent with an earlier observation on the squirrel mon- 
key feeding rhythm [16] and further supports the concept 
that circadian rhythms in diurnal primates follow an inverse 
relationship to Aschoff's rule. In addition, these two rhythms 
did not desynchronize under conditions of prolonged con- 
tinuous bright or dim light, but rather showed small rela- 
tively stable shifts in internal phase relationships. Examina- 
tion of the phase relationships between the rhythms and the 
variance of rhythm periods in each lighting condition 
demonstrates that differential changes in phase relationship 
and period stability occur as a function of light intensity. 

Since Aschoff's original observation that light intensity 
had predictable effects on the period of circadian rhythms 
{1}, much work has confirmed this generalization. Various 
behavioral rhythms have now been studied in a number of 
animal species. The evidence indicates that although a large 
majority of organisms show rhythms which respond to light 
intensity in accordance with Aschoff’s rule, there are a 
number of exceptions. Such exceptions include the sleep- 
wake cycle in humans [19,21], feeding rhythms in the chim- 
panzee [8] and squirrel monkey [16,17], and activity rhythms 
in the macaque monkey [11,18] and the tree shrew [10]. 
These findings suggest that primates in general do not follow 
Aschoff’s rule [16,17]. Our observation that the period of the 
free-running body temperature rhythm of the squirrel mon- 
key shortens in response to a decrease in light intensity not 
only adds additional support to this conclusion, it also 
demonstrates that at least one rhythm timed by a different 
pacemaker shows this response. 

The changes in phase relationship between the body tem- 
perature and feeding rhythms in the squirrel monkey are 
consistent with similar observations in humans. Wever [21] 
has described the phase relationship between the body tem- 
perature and rest-activity rhythms of human subjects. These 
data also describe a negative correlation between this phase 
relationship and the free-running period as we have observed 
for the squirrel monkey. Examination of the human data 
reveals phase angle changes in excess of two hours for the 
shorter free-running periods. In the squirrel monkey, how- 
ever, the phase angle changes were less than 30 minutes at a 
similar free-running period. This reduction in phase angle is 
consistent with the concepts of a strong coupling mechanism 
between the pacemakers in the squirrel monkey, and/or a 
similarity in their free-running periods. 

We found it particularly interesting that in each animal 
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studied, the free-running rhythm of body temperature ap- 
peared most stable in dim light, whereas the feeding rhythm 
was most stable in bright light. These findings would be con- 
sistent with the hypothesis that the increase in rhythm sta- 
bility of these rhythms may reflect the approach of the under- 
lying pacemakers to some intrinsic periods which are not 
identical for the normally coupled pacemakers for feeding 
and body temperature. In human studies where desyn- 
chronization between the rest-activity and body temperature 
cycles has occurred, the loss of mutual coupling between 
these rhythms leads to a decrease in the free-running body 
temperature rhythm period, and increase in period of the 
activity rhythm [5, 6, 21]. This finding has been suggested 
[12] to show the effects of mutual coupling on the expressed 
period of separate oscillators in man. Further, squirrel 
monkeys with suprachiasmatic lesions have no rest- 
activity cycles, but demonstrate a decrease in the free- 
running period of the persisting body temperature rhythm 
[9]. In this study when the body temperature rhythm period 
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was driven closer to the period achieved in the absence of 
the SCN pacemaker, the temperature rhythm showed a 
marked increase in period stability. Similarly, when the feed- 
ing rhythm period approached those values observed for ac- 
tivity rhythms in internally desynchronized humans, this 
rhythm became more stable. Thus, it appears that, as in 
humans, the phase relationship between body temperature 
and feeding rhythms ir squirrel monkeys is inversely related 
to light intensity; however, to a lesser quantitative extent 
than in humans. This study further suggests that in the squir- 
rel monkey there may be stronger coupling between the po- 
tentially independent pacemakers timing these rhythms than 
found in man. 
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BELLINGER, L. L., V. E. MENDEL, L. L. BERNARDIS AND T. W. CASTONGUAY. Meal patterns of rats with 
dorsomedial hypothalamic nuclei lesions or sham operations. PHY SIOL BEHAV 36(4) 693-698, 1986.—Rats with bilateral 
dorsomedial hypothalamic electrolytic lesions (DMNL rats) are hypophagic, hypodipsic and have reduced linear and 
ponderal growth when compared to sham operated controls (SCON). Nevertheless, previous studies have shown that 
DMNL rats eat and drink adequate amounts for their size and have normal body composition. In the present study we 
investigated meal parameters: meal size, and frequency (both light and dark period), total intake and meal size per 
metabolic size (body weight®*5). Compared to SCON, DMNL rats at twelve days post surgery weighed less, were shorter, 
but had a normal body composition as determined by the Lee Index, and were hypophagic (grams eaten/day). The animals 
were placed into individual, self-contained feeding modules and given powdered chow. After familiarization to the mod- 
ules, meal parameters were recorded continuously by a computer for an eight day period. While dark phase meal frequency 
did not differ significantly between groups, the lesioned rats took more meals during the light period. Over the eight-day 
measurement period DMNL rats were hypophagic compared to SCON in absolute terms. However, when total intake and 
meal size were normalized to metabolic size, these two parameters did not differ significantly between groups. Upon 
refeeding, after a one-day fast, the initial meal size of the normally hypophagic DMNL rats exceeded that of SCON. Rats 
with DMNL have previously been shown to have deficits in some hypothesized short-term food intake control mechanism 
(e.g., cholecystokinin, glucose sensing). Thus overeating by the lesioned rats after a fast could possibly result from a 
specific short term control deficit. Nevertheless, under ad lib conditions, except for a slight diurnal disruption in meal 
frequency, meal parameters were normal in the DMNL rats. 
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RATS with discrete bilateral electrolytic [11, 12, 18] or mones, e.g., growth hormone, somatomedin, insulin, 


kainic acid [9] lesions of the dorsomedial hypothalamic nu- 
clei (DMN) show hypophagia, hypodipsia, reduced linear 
growth, but normal body composition when compared with 
the sham operated control (SCON) animals. Whereas DMN- 
lesioned rats are hypophagic when compared to SCON 
animals, they ingest and utilize food normally for their body 
size [13,14]. Although DMN-lesioned rats are also hypodip- 
sic compared to SCON animals they consume adequate 
amounts of water for their size and have normal responses to 
thirst regulatory challenges [2]. Even though the DMN- 
lesioned rat is smaller than the SCON, they show normal 
concentrations of all the classical growth promoting hor- 





triiodothyronine and corticosterone (the latter hormone has 
an altered diurnal rhythm) [6,11]. 

Inasmuch as DMN-lesioned rats have appropriate food 
and water consumption for their decreased size, and have a 
chemically determined normal body composition [11], it has 
been proposed [5, 11, 12] that DMN-lesions may have 
produced a resetting of both water and food intake and body 
size, which allows the animals to subsist on reduced amounts 
of substrate. This ingestive behavior of the lesioned rat ap- 
proximates normal but is commensurably reduced in accord- 
ance with its lower body size. 

If the above hypothesis is correct then one would expect 
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FIG. 1. Coronal section through hypothalamus of a representative 
dorsomedial hypothalamic nucleus-lesioned rat. VMN, ventrome- 
dial hypothalamic nucleus; ME, median eminence; FX, fornix; Ill, 
3rd ventricle; Luxol fast blue + cresyl violet (x 15). 


that meal size of the lesioned rats would be similar to that of 
controls, when meal size is corrected for body weight (see 
below). Some slight variation in meal frequency between 
SCON and DMN-lesioned rats might be expected because 
earlier studies have indicated that DMN-lesions may disrupt 
fiber tracts from the suprachiasmatic nucleus [6, 7, 36]. 

The DMN lesion syndrome is thought to be physiolog- 
ically distinct from the lateral hypothalamic (LH) lesion syn- 
drome [2, 9, 12]. Rats with this latter syndrome also have a 
reduced body weight [25], but no longer take discrete meals 
[26]. Instead they take many smaller meals and their diurnal 
feeding pattern is maintained and even exaggerated, such 
that more meals are taken during the dark phase [19,26]. 
Therefore, meal parameters of DMN-lesioned rats should be 
distinguishable from those of LH-lesioned animals. Lastly, 
DMN -lesioned rats have [3,8] been shown to display reduced 
sensitivity to the putative satiety agent cholecystokinin 
(CCK) [35]. If CCK is a primary endogenous satiety agent 
then one might expect meal size of the lesioned rats to be 
altered (e.g., increased) under ad lib conditions or during 
certain test situations. The experiments presented here ad- 
Gress these issues. 


METHOD 


Weanling male Sprague-Dawley rats (Harlan Sprague- 
Dawley, Inc., Madison, WI) were caged individually in a 
light controlled (L:D 12:12) and temperature-controlled 
(23°C) room. The rats were given laboratory chow (Purina) 
and tap water, ad lib. At the time of surgery, the rats (28 days 
old) were anesthetized with hexobarbital sodium (14 mg/100 
g BW). Body weight and body length were recorded for the 
assessment of ponderal and linear growth and for the indirect 
measurement of body composition using the Lee Index [10]. 
The animals received either bilateral electrolytic lesions 
(0.25 mm stainless steel electrode with tip bared 0.2 mm, DC 
anodal current, 1.0 mA for 10 sec) of the DMN (coordinates: 
AP, +5.0 mm; lateral from midsagittal sinus, 0.5 mm; 7.7 
mm ventral from the dura with tooth bar 7.0 mm below 
intraaural line) or sham-operations (electrode inserted just 
dorsal to the DMN). They were then returned to their cages 
and daily food intake recorded. Twelve days later the rats 
were lightly anesthetized with ether and were weighed and 


TABLE 1 


SOMATIC MEASUREMENTS AT OPERATION (OP) AND PRIOR TO 
MEAL PATTERN ANALYSIS (MPA) IN DMNL AND SCON RATS 





DMNL (n=8) SCON (n=8) p 





BL,OP,mm 
Body Wt,OP,g 


BL,MPA,mm 
ABL,MPA,mm 


Body Wt,MPA,mm 
ABody Wt,MPA,g 


Lee Index* 


260.3 + 1.2 
83.9 + 0.7 


305.8 + 2.3 
45.5 + 2.1 


127.3 & 2.7 
43.4 + 2.5 


294.3 + 1.1 


260.2 + 1.6 NS 
82.3 + 0.9 NS 


321.8 + 1.3 
61.7 + 1.3 


7A 2s 1.7 
74.8 + 1.6 


304.8 + 0.8 





DMNL, dorsomedial hypothalamic nuclei lesioned; SCON, 
sham-operated control; BL, body length; NS, nonsignificant. 
*Lee Index normal values range from 295 to 310. 


measured according to the procedures utilized previously at 
the time of surgery. 

The rats were next placed [16] in individual self contained 
feeding modules (L:D 12:12), given powdered Purina rat 
chow, and allowed at least a week to adjust to the modules 
and powdered feed. Following this the animals were weighed 
and their food intake measured continuously for eight days 
from a cup sitting on a Mettler P-300 series balance. The cup 
was designed so that any spillage would fall upon a large lip 
surrounding the cup. Output from each balance was con- 
stantly monitored by a LSI 1102 computer (Digital Equip- 
ment Company; Maryland, MA). 

Following this measurement period the rats were fasted, 
beginning at lights on, for 24 hours after which food intake 
was recorded for 24 hr as described above. They were then 
sacrificed and their brains removed for histological exam- 
ination (Luxol fast blue + cresyl violet) [4]. Of the lesioned 
animals on which data were collected (one died after 
surgery) three rats had improperly placed lesions, the re- 
maining animals with correctly positioned lesions were in- 
cluded in the data analysis (eight DMNL and eight SCON). 

For the data analyses a meal was considered terminated if 
the rat did not eat for ten minutes [16]. Data were analyzed 
by ANOVA for repeated measurements, Duncan’s Multiple 
Range Test and Student’s f-test. 


RESULTS 


Lesion placement in a representative DMN-lesioned rat is 
shown in Fig. 1. The principal site of destruction is the DMN 
with the lesions not extending laterally beyond the fornix. 

At the time the animals entered the feeding modules the 
DMN-lesioned rats weighed less and were shorter than the 
controls and had a Lee Index [10] that qualitatively indicated 
the rats possessed a normal body composition (Table 1). 
Lesioned animals also displayed the typical hypophagia seen 
after DMN destruction during the 12 days following surgery 
(Average daily intake, lesioned vs. control 19.1+0.8 vs. 
29.0+0.9 g, p<0.01). 

The hypophagia observed in the lesioned rats, 
F(1,14)=6.68, p<0.01, continued during the eight day meas- 
urement period after the animals were placed into the feeding 
modules (Fig. 2). The sham operated rats ate significantly 
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FOOD INTAKE 


NS <0. 03 
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FIG. 2. Mean daily food intake over the eight day measurement 
period during the light phase, dark phase and 24 hour total in DMN- 


lesioned (L) and sham operated (S) rats; both groups, n=8. NS, not 
significant; Bars=S.E. 
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FIG. 4. The light and dark phase meal siz. of the DMN-lesioned (L) 
and sham operated (S) rats divided by their metabolic body size 
(body weight **); both groups, n=8. NS, not significant; Bars=S.E. 


(p<0.03) more food than the lesioned rats on a 24-hour basis 
and during the dark phase, but not in the light phase. Never- 
theless, when the total amount of food consumed by each 
group, over the eight days of measurement was normalized 
for body weight (by expressing the food consumed per 
metabolic size (BW°®”, [13] the groups consumed similar, 
F(1,14)=0.87, ns, amounts of food (total 8 day food intake, 
g/BW°**: controls, 2.08+0.13; Lesion, 1.90+0.13). 

Meal size of the DMN-lesioned rats was significantly less 
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FIG. 3. Meal size of DMN-lesioned (L) and sham operated (S) rats 
during the light and dark phases; both groups, n=8; Bars=S.E. 
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FIG. ‘. Number of meals during the light phase, dark phase and 24 
hour total in DMN-lesioned (L) and sham operated (S) rats; both 
groups, n=8. NS, not significant; Bars=S.E. 


than the SCON during both the light and dark phases (Fig. 3) 
when expressed in grams of food consumed. However, when 
the light and dark phase meal sizes (Fig. 4) were normalized 
for body weight (meal/body weight®-*) the group differences 
no longer reached significance (p >0.05). 

Diurnal distribution of meals was altered by DMN- 
lesioning (Fig. 5) with the lesioned rats initiating more 
(p<0.05) meals during the light phase than the SCON. How- 
ever, the two groups took a similar number of meals during 
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TABLE 2 


MEAL PARAMETERS THE FIRST DAY OF REFEEDING FOLLOWING 
ONE DAY OF FAST 





DMNL (n=8) SCON (n=8) 





Meal Size 
Light Phase 
Dark Phase 


3.1 + 0.4* 
2.6 + 0.2 


Meal Frequency 
Light Phase 
Dark Phase 
Total 


5.0 + 0.3* 
7.0 + 0.7 
12.0 + 0.5 


3.6 + 0.6* 
44+ 0.4 
8.0 + 0.3 





NS, nonsignificant; *values are significantly different (»<0.05) 
from those measured under ad lib feeding conditions. 


the dark phase. While the DMN-lesioned rats ate more meals 
than the control animals over 24 hours, significance was not 
reached. Since the two groups ate similar total amounts of 
food during the eight day measurement period (when ex- 
pressed per unit metabolic size) the slight increase in meal 
frequency (Fig. 5) in the DMNL rats may account for the 
small non-significant decrease in their meal size (Fig. 4). 

Meal size of DMN-lesioned rats, as noted above (Fig. 3), 
was significantly smaller than in the controls under ad lib 
feeding conditions. Notably, the initial meal of refeeding of 
the DMN-lesioned rats, following one day of fast, exceeded 
that taken by the controls (SCON vs. DMNL 3.7+0.9 vs. 
4.7+0.8 g). 

Additionally, light phase, but not dark phase, meal size of 
both groups was elevated (p<0.05) on the first day of refeed- 
ing when compared to previous ad lib consumption (Fig. 3, 
Table 2). Following an initial large meal, DMN lesioned 
animals reduced subsequent meal size such that it averaged 
less (p<0.05) than that of controls during each diurnal 
period. 

After the fast the lesioned group took more (p<0.05) 
meals during the light phase, but not the dark phase, than it 
had in the prefast measurement period (Table 2). Inter- 
estingly, the control group also consumed significantly 
(p<0.05) more meals during the light phase than the group 
had during the pre-fast period. As observed under ad lib 
feeding conditions, DMN-lesioned animals consumed signif- 
icantly more meals than the controls during the light phase 
on the first day of refeeding. 


DISCUSSION 


Meal patterns analysis is a sensitive method to discern 
subtle changes in feeding behavior of rats. By studying the 
microstructure of feeding one can differentiate minute 
changes in circadian feeding patterns, i.e., those associated 
with diet, growth and metabolic or hormonal alterations [17, 
19-21, 29}. 

Rats with DMN-lesions are hypophagic, hypodipsic and 
have reduced body weights [5, 11, 12, 18]. Nevertheless, 
DMN -lesioned rats ingest adequate food and water for their 
size, have normal efficiency of food utilization, and possess 
normal body composition and concentrations of classical 
growth promoting hormones [2, 6, 11-14, 18]. Extensive data 
also indicate that the reduced body size of DMN-lesioned 
animal is not caused by some gross metabolic defect [11,12]. 


Using this evidence a hypothesis was formed, which states 
that DMN-lesions had somehow produced an organismic 
‘reset’ (i.e., lowering) of the rats’ body size and that inges- 
tive behavior is in accord with the animals smaller size [5, 
11-14]. The present data lend support to such an interpreta- 
tion. Meal size of the hypophagia DMN-lesioned animal, in 
absolute terms (i.e., grams), was significantly reduced com- 
pared to controls. However, when meal size was corrected 
for body size, there was no statistical difference between the 
lesioned and control groups. It should be noted, however, 
that in the lesioned group there was a trend for their meal 
size to be reduced when compared to their metabolic size. 
The significance of this finding will require further study with 
larger group populations and groups of varying body 
weights. 

That the DMN-lesioned rats have an appropriate meal 
size, for their reduced body weight, suggests that oro- 
pharyngeal, pre-absorptive and possibly post-absorptive 
mechanisms involved in determining meal size are function- 
ing adequately in them. Recently, we observed that 
cholecystokinin (CCK), in doses of 3.0 and 6.0 uwg/kg, did not 
suppress feeding in DMN-lesioned rats [3,8] whereas it did 
so in SCON. It has been suggested by others [35] that CCK 
may regulate meal size. Consequently we hypothesized that 
meal size of lesioned rats might be increased. We found, 
however, that it was not, under ad lib conditions. The finding 
that meal size of the DMN-lesioned rat is not increased is not 
supportive of endogenously secreted CCK having a physi- 
ological role influencing meal size. Nevertheless it must be 
kept in mind that endogenous CCK levels have not been 
measured in DMN-lesioned rats and this could alter our in- 
terpretation of the data. Furthermore, it is possible that other 
gastro-intestinal factors [15,24] that are conceivably redun- 
dant to CCK may be terminating feeding instead of CCK. 

Rats fasted for 24—48 hr respond to refeeding by increas- 
ing meal size, but not meal frequency [30]. In the present 
Study, control animals fasted for 24 hours responded by in- 
creasing meal size, but not the total number of meals they 
took. As noted above,, the DMN-lesioned rats, under ad lib 
conditions, consumed smaller sized meals, in absolute terms 
(i.e., grams) but not on a body weight basis, than the con- 
trols. Most interestingly, following the fast, the initial meal 
size (i.e., grams) of the DMN-lesioned rats actually ex- 
ceeded that of the controls. It would appear that initially 
following a fast the DMN-lesioned rats may have experi- 
enced a deficit in their short term control of meal size. 
Similar results were observed in kainic acid DMN-lesioned 
rats subjected to a 24 hour fast [9]. Hypothetically, the defi- 
cit might be explained by the DMN-lesioned rats attenuated 
feeding response to CCK [3,8]. It is possible, but not proved, 
that during certain situations (e.g., following a short fast) 
CCK may have a more primary role on terminating feeding 
than it does during ad lib feeding conditions. Additional test- 
ing will be required to resolve these findings. 

Diurnal meal frequency was significantly altered after 
DMN -lesioning. The lesioned rats ate significantly more 
meals during the light phase than the control animals but 
their daily total number of meals was not significantly in- 
creased. There are several possible explanations for the al- 
tered feeding rhythm observed in DMNL rats. Earlier 
Studies suggested that DMN-lesioning may have altered 
diurnal feeding cycles [11] and corticosterone rhythms [7]. 
The latter finding has recently been confirmed [6] and the 
present study supports the claim that the lesioned rats have 
an altered diurnal feeding rhythm. The suprachiasmatic nu- 
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cleus (SCN) is known to be involved in generating several 
diurnal rhythms. Lesioning the SCN in rats has been shown 
to disturb both diurnal feeding and corticosterone rhythms 
(32,33]. Since tracts from the SCN course nearby and 
through the DMN (36) DMN-lesions may disrupt rhythms 
(e.g., feeding, corticosterone) generated by the SCN. A sec- 
ond possible explanation for the altered feeding frequency of 
DMN-lesioned rats could be their attenuated ability to re- 
spond to glucostatic challenges. Rats with DMN-lesions 
show abnormal responses after receiving 2-deoxy-d-glucose 
[4] or insulin [1] and fail to lower their food intake after 
intraperitoneal glucose injections following a fast [4]. Recent 
Studies [28,31] indicate that rats initiate meals following a 
slight decline in their blood glucose concentrations and that 
eating rate (i.e., frequency) is adjusted to maintain the rats’ 
blood glucose levels. It is therefore possible that feeding 
frequency of the DMN-lesioned rats may be altered by their 
attenuated responses to glucoprivation. 

It should be recalled that DMN-lesioned rats take in ap- 
propriate calories for their size, regulate their caloric intake 
over 24 hours, increase their food intake like controls during 
the first day of refeeding after a short fast and select proper 
percentages of macronutrients [11,12] so as to maintain long 
term energy balance. Consequently whether the lesioned 
rats’ altered feeding rhythm is caused by changes in short 
term post-ingestional mechanisms or SCN dysfunction 
seems to be unimportant in their long term control of energy 
balance. 

Feeding behavior appears to be influenced by several 
neural inhibitory systems [23]. We have previously 
suggested that the DMN may also contain such neural ele- 
ments [9]. A working hypothesis is that DMN-lesioning re- 
moves an inhibitory system (i.e., whose activity normally 
enhances feeding) that has a role of at least partially inhibit- 
ing yet another inhibitory system (i.e., whose activity nor- 
mally promotes satiety). With partial inhibition of this sec- 
ond system removed, via DMN-lesioning, this disinhibited 
system would be freer to inhibit food intake to a greater 
degree. With all other food intake control mechanisms left 
intact, or nearly so, after lesioning, only small changes in 
meal size or frequency would be expected. This is exactly 
what was observed. At this time it is not possible to deter- 
mine what was being inhibited so specific mechanisms are un- 
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known. It is important to note that the DMN lesion syn- 
drome is more complex than a simple lesion induced 
enhancement of a satiety system, for the DMN-lesioned rat 
is not like a semi-starved animal [5,9]. It has normal body 
composition, hormone concentrations, efficiency of food 
utilization and metabolism [11-14]. Therefore in addition to 
the DMN lesioned animal being hypophagic other complex 
changes in its growth patterns and metabolism must have 
occurred. 

Rats with LH-lesions, like rats with DMN-lesions, have 
reduced body weights. However, the reduced weight in the 
former animals is mainly due to a loss of body fat stores [25], 
whereas DMN-lesioned rats have normal body composition 
[11,12]. The DMN-lesion syndrome is believed to be physi- 
ologically distinct from the LH syndrome [2,9]. Rats with 
LH-lesions eat numerous small meals and their diurnal feed- 
ing pattern is exaggerated, such that, most meals are eaten in 
the dark phase [19,26]. The present data also show that 
DMN-lesioned rats have a distinctly dissimilar feeding pat- 
tern than LH-lesioned animals thus supporting the conten- 
tion that the two syndromes are different in origin. 

The exact physiological-behavioral factors that actually 
control meal size and frequency are still a matter of con- 
troversy. Various elements such as: diurnal metabolic state 
of the animal [29]; the animals metabolic state prior to meal 
initiation [28, 29, 31]; palatability, sensory and learned 
phenomena [27,34]; pre-and post-absorptive control mech- 
anisms [24]; hormonal influences [22]; water consumption 
[21] as well as others have been suggested to explain meal 
size and/or patterns. The present data indicate that DMN- 
lesions do not significantly alter the animals’ meal size rela- 
tive to their metabolic size. Also DMN-lesions cause only 
slight changes in daily diurnal meal distribution. These find- 
ings are in accord with previous data which show no gross 
physiological abnormalities in the DMN-lesioned rat [11,12]. 
They are consistent with the hypothesis that DMN-lesions 
produce an organismic reset in the body size of the animal [5, 
11, 12). 
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PARE, W. P. AND G. T. SCHIMMEL. Stress ulcer in normotensive and spontaneously hypertensive rats. PHYSIOL 
BEHAV 36(4) 699-705, 1986.—Spontaneo'lsly hypertensive rats (SHR) and their normotensive progenitors, the Wistar- 
Kyoto (WKY) rats, were tested in the open-field arena and subsequently exposed to either cold-restraint stress or 
activity-stress. SHR rats were more active and judged less fearful in the open-field test. Changes in core body temperature, 
and adrenal and thymus weights did not differentiate between SHR and WKY rats in the cold-restraint procedure. A 
significant adrenal hypertrophy was observed for SHR rats in the activity-stress procedure. WKY rats were more suscep- 
tible to stress ulcer in both the cold-restraint and the activity-stress procedures. While running-wheel activity had been 
considered an important etiological variable for activity-stress ulcer, the lower activity demonstrated by the ulcer-prone 


WKY rats suggested that genetic variables might be more relevant to stress ulcer disease. 


Activity-stress Stress ulcer 
Core body temperature Adrenal 


Cold restraint 
Thymus 


Spontaneously hypertensive SHR 


Open-field 


SOME investigators have emphasized the importance of ge- 
netic factors in the etiology of stress ulcer. For instance, 
Martin, Martin, Andre and Lambert [20] described differen- 
tial susceptibility to restraint-induced stomach ulcers in two 
distinct strains of Wistar rats. In a series of studies, Sines 
[38-41] reported his procedure of selectively breeding 
Sprague-Dawley rats which were susceptible to restraint 
ulcer. This procedure yielded a Sprague-Dawley strain with 
a high incidence of stress ulcer. 

Another approach to this problem would involve studying 
animal strains with characteristics which predispose to ulcer 
development. Such a strain is the spontaneously hyperten- 
sive rat (SHR) and its normotensive progenitor, the 
Wistar-Kyoto (WKY) control which were developed by 
Okamoto and his co-workers [30]. The SHR rats are charac- 
terized as being more reactive since these animals demon- 
strate higher levels of epinephrine (EP) and norepinephrine 
(NE) in response to footshock [21-24], and when subjected 
to restraint stress [19,26]. SHR rats are also more active 
behaviorally when tested in the open-field arena [16, 17, 28, 
45] or exposed to a novel environment [24]. Since the SHR 
rat is considered hyperresponsive to stress [26], the hypoth- 
esis might be advanced that the SHR rat is more susceptible 
to stress ulcer. 

Unfortunately, investigators who have studied this prob- 
lem have produced conflicting results. Goldenberg [10,11] 
exposed male Sprague-Dawley, Wistar, and SHR rats to re- 
straint plus cold for 3 hr and reported that a greater percent- 
age of SHR rats had gastric lesions as compared to Wistars. 
Ulcer incidence, however, was highest in the Sprague- 
Dawley rats. Hallback, Magnusson and Weiss [12] failed to 
observe any differences in ulcer incidence between SHR and 
normotensive control Wistar Kyoto (WKY) rats. In their 
study, SHR and WKY rats were restrained for 12 hr but not 
subjected to the additional cold stressor. More recently 


Athey and Iams [4] reported a higher incidence of stress 
ulcer in WKY rats exposed to restraint plus cold as com- 
pared to SHR rats. Thus, none of the investigations which 
have studied ulcer susceptibility of SHR and WKY rats have 
produced comparable results. 

The aim of the present work was to further study stress 
ulcer susceptibility in SHR and WKY rats, but in this in- 
stance the investigation was more rigorous since rats were 
subjected to two ulcerogenic procedures: restraint plus cold 
[44] and activity-stress [31-35]. Since SHR rats are consid- 
ered more reactive, it was hypothesized that SHR rats would 
manifest more ulcers as a result of exposure to restraint plus 
cold. SHR’s were also considered more vulnerable to the 
activity-stress procedure since SHR rats are behaviorally 
more active than WKY rats in the open-field test and exces- 
sive running activity apparently contributes to the ul- 
cerogenic process in the activity-stress procedure [31-35]. In 
order to confirm that SHR’s were more reactive to a novel 
environment, all rats were tested in an open-field arena be- 
fore being subjected to one of the ulcerogenic procedures. In 
addition since control of core body temperature is consid- 
ered to be a factor in the development of restraint ulcer [3, 5, 
8, 27, 42], and since WKY rats are reported to have difficulty 
in maintaining body temperature [45], core body temperature 
was recorded from all rats exposed to restraint plus cold. 


METHOD 
Animals 


Thirty SHR and 30 WKY male rats were secured from 
Taconic Farms, Germantown, NY. These animals were 
50-60 days old. Animals were housed in group cages with no 
more than 4 rats per cage. Group housing continued for two 
weeks, after which all animals were housed in single cages. 
Food and water were always available. 





TABLE 1 


GROUP MEANS (+SE) OF OPEN FIELD MEASURES FOR 
SPONTANEOUSLY HYPERTENSIVE (SHR) AND NORMOTENSIVE 
(WKY) RATS 





Rat Strains 


WKY Rats 
(n=30) 


SHR Rats 
Open Field Measures 





3.73 + 0.48 
1.36 + 0.26 
0.26 + 0.09 
2:33'2 1.22 
2.06 + 0.34 


Latency-sec 
Rearings-number 
Grooming-number 
Grooming, duration-sec 
Boluses-number 


I+ I+ It I+ I+ 





*Statistical significance of f-test comparing SHR and 
groups. 


Apparatus 


The open-field arena was designed after the unit described 
by Broadhurst [6]. The arena was round with a diameter of 
82 cm. The round wall was 30 cm high and was constructed 
of aluminum sheeting. The arena was situated on a plywood 
floor. The floor and wall were painted with black enamel 
paint. The arena was divided by three concentric circles. The 
smallest inner circle had a diameter of 20 cm; the second 
circle had a diameter of 50 cm and the outside circle was 
defined by the arena wall. Each circle was divided into es- 
sentially equal areas. The number of areas in the inner, mid- 
dle and outer circles were one, six, and twelve, respectively. 
A ceiling was situated 132 cm above the arena floor. Five 
100-W bulbs were mounted in the ceiling and served as the 
illumination for the arena. Cheese cloth was draped from the 
ceiling and dropped outside the arena wall. The cloth served 
to diffuse the light and functioned as a one-way vision 
screen. 

The immobilization device consisted of a 23 x31 cm plas- 
tic board with cleats at each corner. The cleats were used to 
secure the braided umbilical tape which was used to tie the 
rat’s four limbs. 

The cages for the activity-stress ulcer procedure con- 
sisted of standard running-wheel activity cages (Wahmann 
Manufacturing Co., Baltimore, MD). Each activity wheel 
was equipped with an adjoining cage measuring 25x 15x 13 
cm. Wheel revolutions were recorded on digital counters. 
Daylight conditions were artificially maintained in all hous- 
ing and testing areas between 6 a.m. and 6 p.m. 


Procedure 


The open-field testing phase was initiated after all rats were 
placed in single cages. The single cage, with the rat inside, was 
transported to the open-field testing room. Rats were placed in 
the inner circle. Five behaviors were measured: latency (in sec) 
to leave the inner circle, number of field segments entered, 
number of rearings, number of groomings, and number of 
fecal boluses. Open-field testing consisted of two trials. The 
first trial lasted 5 min after which the rat was placed in its 
transport cage for 10 min. Data for the four behaviors was 
recorded and the arena was cleaned with a damp sponge. 
Finally, the rat was returned to the arena for a second 5-min 
trial. After the second trial, the data for the same five behav- 
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AMBULATION 
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FIG. 1. Mean open-field activity scores, in terms of segments 
entered for SHR rats (n=30) and WKY rats (n=30). Data are pre- 
sented for the first 5 min during Trial | and for Trial 2 when rats were 
returned 10 min later to the open-field for another 5 min. 


iors was recorded and a total score was derived for the two 
trials. The ambulation measure (i.e., segments entered) was 
recorded for each min of both trials. After the animal was 
returned to the colony room, the arena was washed with 
soap and water. Each rat was exposed to only one open-field 
test session. 

SHR rats were rank ordered on the basis of their ambula- 
tion scores and subsequently assigned to one of four treat- 
ment conditions. These consisted of cold-restraint stress 
(n=10), cold-restraint control (n=5), activity-stress experi- 
mental (n= 10) and activity-stress control (n=5). These four 
groups were equated on the basis of the ambulation scores. 
The WKY rats were also rank ordered and assigned to 
treatment groups in the same fashion. 

Cold-restraint. Mean body weights for SHR and WKY 
rats, assigned to cold-restraint, were 279 and 307 g respec- 
tively. These rats had continuous access to food and water 
until 24 hr prior to the start of the stress session, at which 
time food was removed. Water was always available during 
the prerestraint period. Cold-restraint was accomplished by 
restraining the rat in a supine position on the plastic boards 
[43]. Each leg was extended at a 45° angle from the body 
midline and secured with a loop of braided nylon tape. Rats 
were then placed in a ventilated unilluminated refrigerator 
with an ambient temperature of 5°C. The restraint treatment 
lasted 3 hr. Core body temperature was measured at the 
beginning and end of the 3-hr restraint period with a Model 
43TA Yellow Spring thermometer and a No. 423 flexible 
nylon rectal temperature probe. SHR and WKY rats in the 
cold-restraint control groups were food-deprived for 24 hr 
but were never restrained. Following the 3-hr restraint 
period, all experimental and control rats were sacrificed. The 
stomach was removed immediately and cut along the greater 
curvature. It was rinsed with water, spread and pinned on a 
flat surface and covered with 10% formalin to fix the stomach 
in a flat attitude. The stomach was examined with a binoc- 
ular microscope. One eyepiece of the scope was fitted with a 
reticle permitting ulcers to be measured in terms of millimet- 
ers of abnormal tissue. The number and size of lesions were 
recorded. All stomach inspections were conducted by a 
technician who was unaware of the rats’ treatment condi- 
tion. In addition, adrenal and thymus glands were removed 
and wet weights were obtained. Weights were expressed as 
milligrams per gram of body weight. 

Activity-stress. SHR and WKY rats assigned to the exper- 
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TABLE 2 


THE EFFECT OF COLD-STRESS ON BODY TEMPERATURE, ADRENAL GLAND AND THYMUS 
GLAND WEIGHT (MEANS + SE) 





Treatment 
Groups 


Change in 
Body 
Temperature, % 


Relative* 
Adrenal 
Weight 


Relative* 
Thymus 
Weight 





SHR Rats 
Experimental 
Control 


WKY Rats 
Experimental 
Control 


+ 
+ 


—12.9 + 0.81 





*Expressed as milligrams per gram of body weight. 


TABLE 3 


SUMMARY OF STOMACH CONDITIONS FOR RATS EXPOSED 
TO COLD-RESTRAINT 





Number of 
Rats with 
Ulcers 


Mean (+SE) 
Number 
Lesions/Rat 


Mean (+SE) 
Cumulative 
Length (mn) 


Treatment 
Groups 





SHR Rats 
Experimental 
Control 


WKY Rats 
Experimental 
Control 





imental activity-stress group were individually housed in 
running-wheel activity cages for a 4-day habituation period 
during which food (granular Purina Rat Chow) and water 
were available. Rats had continuous access to the running 
wheel. SHR and WKY rats assigned to the activity-stress 
control condition were individually housed in single cages. 
On Day 4, food was withdrawn from all rats at 9:30 a.m. On 
Day 5, and all subsequent days, rats were fed for | hr daily 
between 9:30 and 10:30 a.m. Food consumption and body 
weight were recorded daily for experimental and control rats. 
In addition, running-wheel activity was recorded daily for ex- 
perimental rats. When an experimental animal was moribund it 
was killed with carbon dioxide. Our operational criteria to 
determine that an animal was seriously ill were based on previ- 
ous research [32]; these included (a) daily food consumption 
below 2 g, (b) a dramatic drop in daily running activity from 
the previous day, and (c) a fall in body temperature as indi- 
cated by piloerection. Stomachs were removed and in- 
spected in the same fashion as described for the cold- 
restraint procedure. Ulcers observed in rats as a result of 
exposure to the activity-stress procedure were referred to as 
activity-stress (A-S) ulcers. When two SHR experimental 
rats died, one SHR control rat was also sacrificed. The same 
procedure was followed for the WKY rats. After 12 days of 
1-hr feeding, all surviving rats were sacrificed and stomachs 
inspected. 


TABLE 4 


PEARSON CORRELATION COEFFICIENTS* BETWEEN OPEN-FIELD 
AMBULATION SCORES FOR SHR AND WKY RATS AND THE MEAN 
DAILY ACTIVITY SCORES FOR THE HABITUATION DAYS AND 
RESTRICTED FEEDING DAYS OF THE A-S PROCEDURE 





Activity-Stress Periods 
Activity for 
Habituation 

Period 


Activity for 
Restricted 
Feeding Period 


Open-Field 
Ambulation 





SHR Ambulation 0.09 0.03 
WKY Ambulation -0.27 —0.31 





*df=8. 


RESULTS 


Open-field testing. Table 1 summarizes the behavioral 
data for the open-field. SHR rats were clearly more active as 
compared to WKY rats. Latency scores were significantly 
shorter for SHR, F(1,58)=6.85, »<0.05. In addition, SHR’s 
displayed more rearing responses, F(1,58)=61.68, p<0.05, 
groomed more frequently, F(1,58)=4.87, p<0.05, and for 
longer time periods, F(1,58)=7.30, p<0.01. SHR’s were also 
more active in exploring the open-field. Ambulation scores 
were significantly greater for SHR rats throughout the first 
5-min and second 5-min observation periods, 
F(1,580)=332.37, p<0.01. These data are illustrated by Fig. 
1. The mean boluse score was greater for WKY rats but the 
difference between groups was not significant, F(1,58)=0.64. 

Cold-restraint stress. Core body temperature losses dur- 
ing cold-restraint were approximately the same for both SHR 
and WKY rats, F(1,18)=0.11. An analysis of the adrenal and 
thymus gland weight failed to reveal any significant differ- 
ences between either experimental and control groups or be- 
tween SHR and WKY rats. These data are presented in 
Table 2. There were, however, group differences with the 
ulcer data. Significantly more WKY rats developed stomach 
ulcers from the cold-restraint procedure as compared to 
SHR rats, x?=4.05, p<0.05. WKY rats had more ulcers, 
F(1,18)=40.52, p<0.01, and larger ulcers, F(1,18)=31.33, 
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DAILY RUNNING ACTIVITY - Wheel Rev. 


1 2 3 5 6 7 
DAYS 
FIG. 2. Mean daily running activity for SHR rats (n=10) and WKY 


rats (n=10) in the activity-stress procedure. Data are illustrated for 
the first 4 habituation days and the next 5 days of I-hr feeding. 


TABLE 6 


SUMMARY OF STOMACH CONDITIONS FOR RATS EXPOSED 
TO ACTIVITY-STRESS 





Mean (+SE) 
Number 
Lesions/Rat 


Number of 
Rats with 
Ulcers 


Mean (+SE) 
Cumulative 
Length (mn) 


Treatment 
Groups 
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TABLE 5 


THE EFFECT OF ACTIVITY-STRESS ON ADRENAL AND THYMUS 
GLAND WEIGHT (MEANS + SE) 





Relative? 
Adrenal 
Weight 


Relativet 
Thymus 
Weight 


Treatment 
Groups 


Body 
Weight (g)* 





SHR Rats 
Experimental 
Control 


WKY Rats 
Experimental 
Control 


177.8 + 2.68 
249.0 + 2.86 


0.37 + 0.01 0.21 + 0.01 
0.21 + 0.02 0.52 + 0.04 


188.3 + 3.57 
256.0 + 3.87 


0.32 + 0.02 0.22 + 0.02 
0.58 + 0.02 


0.19 + 0.01 





*Body weight at the end of the activity-stress period. 
*Expressed as milligrams per gram of body weight. 


TABLE 7 


PEARSON CORRELATION COEFFICIENTS BETWEEN THE OPEN- 
FIELD AMBULATION SCORES FOR SHR AND WKY RATS AND 
ULCERATION MEASURES FOR BOTH COLD-RESTRAINT AND 

ACTIVITY-STRESS PROCEDURES 





Ulcerogenic Procedures 
Cold-Restraint 


No. of 
Ulcers 


Activity-Stress 


No. of 
Ulcers 


Open-Field 
Ambulation 


Size of 
Ulcers 


Size of 
Ulcers 





SHR Rats 
Experimental 
Control 

WKY Rats 
Experimental 
Control 





p<0.01 as compared to SHR’s. These data are summarized 
in Table 3. 

Activity-stress. There were no significant differences be- 
tween SHR and WKY experimental rats with respect to daily 
food consumption during the 4-day habituation period in the 
activity wheels, F(1,18)=0.02, p>0.05, although SHR rats 
were more active in the running wheels during this period, 
F(1,18)=7.37, p<0.025. An analysis of the first 5 days of 1-hr 
feeding also revealed that there were no differences in food 
intake between SHR and WKY rats, F(1,18)=0.61, p>0.05, 
but SHR rats persisted in being more active in the running 
wheels, F(1,18)=5.40, p<0.05. The running-wheel activity 
data are illustrated by Fig. 2. 

Open-field ambulation scores, within strains, were not 
predictive of activity in the running-wheel cages. Table 4 
contains the correlations between open-field ambulation for 
both SHR and WKY rats, and running-wheel activity for the 
4-day A-S habituation period, as well as the subsequent first 
5 days of 1-hr feeding during the activity-stress procedure. 
None of these correlations were significant for either SHR or 
WKY rats. These non-significant correlations suggested 
that, when a within strain comparison was made, the activity 
in the open-field and activity in the running-wheel activity 





SHR Ambulation* 0.33 0.26 —0.20 0.19 

WKY Ambulation? 0.05 0.17 0.26 0.35 

SHR & WKY —0.71* —0.66* —0.51* —0.38* 
Combined? 





*p<0.05. 
tdf=8. 
tdf=18. 


cages were unrelated and probably reflected different behav- 
10rs. 

SHR and WKY experimental rats had larger adrenals as 
compared to controls, F(1,26)=61.21, p<0.01. These data 
are contained in Table 5. This table also reveals that SHR’s 
had larger adrenals than WKY rats, F(1,26)=5.90, p<0.05. 
Exposure to activity-stress also resulted in a significant in- 
volution of the thymus, F(1,26)=213.11, p<0.01, and this 
effect was not strain specific since that data analysis did not 
reveal differences between SHR and WKY rats with respect 
to thymus involutions. Table 6 summarizes the ulcer data. 
All experimental rats developed stomach ulcers. The control 
rats were ulcer-free. However, the ulcer scores for the 
activity-stress procedure were similar to that observed with 
the cold-restraint procedure, namely, WKY rats had signifi- 
cantly more ulcers, F(1,18)=11.59, p<0.01, and larger ul- 
cers, F(1,18)=5.02, p<0.05, as compared to SHR rats. 

The number of days survived in the activity-stress proce- 
dure differed slightly for SHR and WKY rats, but a life table 
analysis of the survival rates for the two strains, using a 
generalized Wilcoxon test was not significant, T=1.65, 
p>0.05. 

If the two ulcerogenic procedures are compared, we find 
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that the activity-stress procedure, as compared to the cold- 
restraint procedure, resulted in more ulcers in both SHR, 
F(1,18)=87.17, p<0.01, and WKY rats, F(1,18)=39.16, 
n<0.01. 

In order to investigate the possible relationship between 
open-field ambulation and ulcer susceptibility, correlations 
were computed separately between the ambulation scores of 
SHR and WKY rats, and the ulceration measures for both 
ulcerogenic procedures. Those correlations are contained in 
Table 7. In none of the comparisons made was a significant 
correlation found, therefore suggesting that, within strains, 
open-field ambulation was not related to cold-restraint ulcer 
or A-S ulcer. However, when SHR and WKY animals were 
combined, this procedure allowed a comparison between the 
low ambulation scores of WKY rats and their high ulcer 
scores as well as the high ambulation and relatively low ulcer 
scores of SHR rats. This inverse relationship was reflected 
by the significant negative correlations for the comparisons, 
as illustrated in the last row of Table 7. 


DISCUSSION 


The adrenal and thymus gland data are in agreement with 
previous reports. Changes in adrenal and thymus gland 
weights represent relatively gross measures of endocrine re- 
activity to environmental stressors and may not be suffi- 
ciently sensitive to detect effects issuing from an acute stress 
situation. This may explain the lack of group differences for 
adrenal and thymus weights in the cold-restraint portion of 
this investigation. However, in the activity-stress procedure 
where the treatment is applied for several days, variations in 
gland function may be detected by differences in gland 
weight. In this instance the larger adrenal gland weights for 
SHR rats are suggestive of previous reports that the 
sympatho-adrenal system is more reactive in SHR’s [7,19]. 
The significant thymus involutions for experimental rats ex- 
posed to activity-stress concurs with the reports by Hara and 
his colleagues [13-15] who have suggested that thymus in- 
volution reflects an immunodeficiency in activity-stress rats. 

The open-field data obtained in this investigation agree 
with previous reports [16, 17, 20, 25]. SHR’s had shorter 
latencies and were generally more active in the open-field 
arena than WKY rats. In contrast, WKY rats took longer to 
initiate exploratory behavior in the field and were less active 
during the testing sessions. Previous studies have found that 
SHR rats are more reactive to stimulation and that stress- 
related secretions of epinephrine and norepinephrine are 
greater in this strain [19, 22, 23]. These data would support a 
hypothesis that SHR’s should be more vulnerable to stress- 
induced ulceration. However, the open-field test results of 
this investigation suggested that WKY rats may be consid- 
ered more inhibited and fearful in a novel situation, and on 
that basis it might be reasonable to hypothesize that WKY 
rats would be more ulcer prone. The ulcer data obtained in 
this study supported the latter hypothesis. 

There are other reasons why one would expect more ul- 
cers in SHR rats. For instance Ader [1,2] demonstrated that 
the incidence of restraint ulcer is highest in those rats re- 
strained during their daily high activity hr as compared to 
rats restrained during those daily hr when they are least 
active. Thus, restraint applied during peak activity hr is more 
ulcerogenic than restraint applied during resting hr. This 
would suggest that the more active SHR rats should be more 
vulnerable to restraint ulcer. However, in this study, WKY 
rats had more ulcers. It may be necessary to differentiate 
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between general motor activity and reactivity to stimulation. 

Different notions can be advanced to explain the greater 
prevalence of restraint ulcer in WKY rats. One possible ex- 
planation is based on the fact that a decrease in core body 
temperature is related to restraint-induced gastric lesions [3, 
4, 8, 27, 42] and it has been reported that cold represents a 
greater challenge to WKY rats because these rats have 
greater difficulty in maintaining normal body temperature 
[45]. Therefore WKY rats would be expected to be more 
susceptible to cold-restraint ulcer. In our study, WKY rats 
did indeed have more restraint ulcers as compared to SHR’s 
but there were no differences in loss of core body tempera- 
ture between the two strains. Therefore, differences in main- 
taining body temperature cannot be used to explain these 
results. 

An alternative explanation is the fact that, while SHR rats 
are hyperadrenergic to some stressors, this hyperadrenergic 
response does not occur to all stressful stimulations. Chiueh 
and McCarty [7] have demonstrated that the sympatho- 
adrenal medullary system is essentially the same in SHR and 
WKY rats under basal conditions, and that SHR rats will 
respond to footshock with an increase in plasma norepi- 
nephrine, epinephrine and corticosterone, but this response 
does not occur when exposed to a cold environment. This 
would suggest that, on the basis of adrenergic reactivity, 
WKY rats are just as vulnerable as SHR to cold stress. 

Another consideration pertains to the designation that 
WKY rats are more fearful and that this trait predisposes to 
stress ulcer. The open-field data would suggest that WK Y 
rats are more fearful, or ‘‘*emotional,’’ because these animals 
are relatively inactive and manifest very little exploratory 
behavior. Glavin [9] has already demonstrated that randomly 
selected Wistar rats with high emotionality scores, as de- 
termined by open-field testing, are also morc susceptible to 
restraint-induced ulcers as compared to rats judged non- 
emotional. Another line of evidence also suggests that 
SHR’s are less sensitive to pain, as induced by thermal 
stimulation in the hot-plate test [35,37], and that opiod pain- 
inhibiting mechanisms may be responsible for mediating this 
hypoalgesia [46]. The stress of thermal stimulation and cold- 
restraint may differ, but a common or similar opioid analge- 
sic mechanism may be operating which could protect SHR 
rats from the stress of cold-restraint and thereby reduce 
ulcer incidence in these animals 

Previous research [31-35] had suggested that excessive 
running in the activity-wheel cages was related to the inci- 
dence of A-S ulcer. Since SHR rats were more active in the 
open-field arena, it was expected that this high open-field 
ambulation would transfer to greater running-wheel activity. 
When SHR rats were compared to WKY rats, the greater 
open-field ambulation behavior of the SHR rats was associ- 
ated with greater running-wheel activity; SHR rats were in- 
deed more active than WKY rats in the activity-stress situa- 
tion. These higher activity scores were, however, contrary 
to expectations, not associated with more severe ulceration 
scores. Ulceration was less severe in SHR rats as compared 
to WKY rats. It is also interesting to note that differences in 
open-field ambulation scores, within strains, were not re- 
lated to corresponding differences in running-wheel activity. 
The non-significant correlations reported in Table 4 simply 
indicated that a high-active SHR rat in the open-field was not 
necessarily a high active rat in the running-wheel cages. 
Level of open-field ambulation was also unrelated to level of 
running-wheel activity for WKY rats. These data may 
suggest that the exploratory ambulation behavior of the open- 
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field, and the running activity in the running wheels, may 
represent different behaviors and that high open-field ambu- 
lation scores is not a predictor of vulnerability to A-S ulcer. 
Knardahl and Sagvolden [17] have proposed that SHR’s are 
not more hyperactive than WKY rats under resting, baseline 
conditions, but that SHR rats are simply hyperactive to 
novel stimulation. Therefore, running-wheel and open-field 
activity may represent different behaviors and/or reactions 
in two unique test situations. 

In the past it was generally assumed that excessive run- 
ning activity was a necessary element in the production of 
activity-stress ulcer [31-35], but the data from SHR and 
WKY rats in this report imply that genetic factors may be 
more critical in the etiology of activity-stress ulceration. 
While running behavior may be a contributing cause to ulcer 
development, it is not a sufficient cause. 

There are previous reports from this laboratory which are 
congruent with the present activity-stress data. Paré and 
Vincent [35] reported a pilot study wherein Sprague-Dawley 
rats tested in the open-field and subsequently exposed to 
activity-stress produced some significant correlations be- 
tween open-field behavior and ulceration. Open-field rearing 
was inversely related to number and size of ulcers. These 
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data would have predicted the reduced ulcer incidence of 
SHR rats in the present study. 

SHR rats may also more effectively tolerate chronic 
stress. Measures of cardiovascular and sympatho-adrenal 
medullary systems indicate a greater response by SHR’s to 
initial stressors, but that repeated long term stress is accom- 
panied by greater adaptive changes in SHR as compared to 
WKY rats [19]. If activity-stress can be considered chronic 
stress, then SHR rats should be more resistant to A-S ulcer. 
The greater adaptability of SHR’s to chronic stress, plus 
their hypoalgesia mentioned earlier [36,37] would help ex- 
plain the low incidence of A-S ulcer in SHR as compared to 
WKY rats. 

The present report supports the earlier report by Athey 
and Iams [4]; cold-restraint ulcers are more prevalent in 
WKY rats. However, the value of this report is that it em- 
phasizes the importance of genetic and constitutional varia- 
bles in the development of ulcer disease. SHR and WKYY rats 
exhibit different responses in various behavioral testing 
situations and they are also differentially susceptible to 
stress-ulcer. As such, SHR and WKY rats represent a valu- 
able tool for investigating how genetic factors, as well as 
behavioral traits, contribute to ulcer disease. 
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THOR, D. H. AND W. R. HOLLOWAY, JR. Caffeine and copulatory experience: Interactive effects on social investigat- 
ory behavior. PHYSIOL BEHAV 36(4) 707-711, 1986.—Three experiments test the interaction of prior copulatory experi- 
ence with acute caffeine exposure on social investigatory behavior of the male Norway rat. At a dosage of 20 mg/kg or 
greater, caffeine counteracts a decrease in social investigation attributed to copulatory experience. At a 10 mg/kg dosage, 
caffeine increases social investigatory behavior prior to sexual exposure but has no comparable effect after sexual expo- 
sure. The results are interpreted as confirming a long-term effect of copulatory exposure on social investigatory behavior 
and as describing a dose-related interaction of caffeine exposure with prior copulatory experience. Social investigation is 
viewed as a preliminary component of sexual behavior and the decrease in social investigation following copulatory 
experience as a gain in efficiency of social discrimination. Acute caffeine exposure apparently interferes with access or 


retrieval of reference information in long-term memory. 
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SOCIAL investigation of a novel conspecific normally pre- 
cedes other forms of social interaction (aggression, copula- 
tion, grooming). In the male Norway rat, such investigatory 
behavior is prolonged by endogenous or exogenous 
androgen exposure [12]. Perinatal androgenization of 
females also accentuates social investigatory behavior when 
exposed to androgen as an adult [14]. Furthermore, the 
gonadal condition of a male (intact or castrate) can interact 
with pharmacological effect on social investigatory behavior. 
For example, acute caffeine exposure prolongs social inves- 
tigation by intact adult males, but castrate males and intact 
females are not comparably responsive to caffeine [6]. 

Prior social experience also affects the persistence of so- 
cial investigatory behavior. Sexually experienced males eng- 
age in abbreviated social investigation of a novel conspecific 
(juvenile or castrate female adult) in comparison to sexually 
inexperienced males [13]. The latter finding was viewed as 
evidence for the long-term retention of information associ- 
ated with initial copulatory experience and suggests that 
such experience can affect discrimination of social cues 
associated with female receptivity. Adult males have long 
been known to be influenced by copulatory experience in 
ways that alter their subsequent social behavior [1,2]. 


EXPERIMENT | 


In this experiment we examine the interaction of prior 
sexual experience and caffeine exposure on social inves- 
tigatory behavior. We wished to determine the relative caf- 
feine exposure effect on sexually experienced males that 
normally engage in less social investigatory behavior [13]. If 


Social discrimination 


caffeine interferes with reference to social cues linked to 
copulatory experience, the behavioral effect may be appar- 
ent in the comparison of social investigatory behavior by 
experienced and inexperienced males. On the other hand, if 
caffeine enhances the performance of a learned social dis- 
crimination, the behavioral effect may be to increase the 
disparity in social investigatory behavior between experi- 
enced and inexperienced males. No effect of caffeine on 
experienced males would suggest, counterintuitively, that 
the reported caffeine exposure effect on social investigatory 
behavior is limited to males with no copulatory experience. 


Method 


Subjects were 16 adult Long-Evans hooded rats 5 months 
of age. Eight males were sexually inexperienced and eight 
had been used as breeders with two 10-day exposures to 
adult females (each male housed with two females during 
each exposure). All males had been maintained in group 
cages of several males per cage prior to use in the present 
experiment. Stud males were known copulators (all exposed 
females produced normal litters). Social stimuli were 
juvenile Long-Evans hooded male rats 30-35 days of age at 
time of test. 

Exposure of sexually inexperienced males to castrate 
females as a procedural control was not incorporated since 
previous experiments have indicated no effect of such non- 
copulatory exposure to females on subsequent social inves- 
tigatory behavior. Additionally, the postcopulatory effect on 
social investigation is demonstrable with juvenile social 
stimuli [13]. None of the male subjects had been exposed to 
juveniles as adults. 
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FIG. 1. Mean social investigation time by sexually experienced and 


inexperienced male rats following administration of caffeine (20 
mg/kg) or vehicle. 
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Forty-eight hours prior to testing, each subject was 
placed in a clean polypropylene pan-type cage (41x 51x22 
cm) with wood chip litter and free access to food and water. 
All test observations were made in dim red light during the 
latter half of the normally dark phase of the 12:12 light-dark 
cycle (lights on at 2 p.m.). Frequency and duration measures 
were recorded on paper tape. 

Each subject was exposed to a male juvenile, in the sub- 
ject’s home cage, after exposure to caffeine or saline vehicle. 
All subjects were tested after each treatment, and order of 
exposure was counterbalanced. Injection of the anyhydrous 
caffeine (Sigma, 20 mg/kg) or vehicle (0.9% NaCl) was sub- 
cutaneous in a volume of 2 mi/kg. All injections were given 
30 min prior to test. 

Immediately prior to social exposure testing, the gross 
locomotor activity of each subject was recorded by counting 
the number of home-cage quadrants entered by the subject 
during a 2-min interval. After the activity measure, a novel 
juvenile male, 30-35 days of age, was placed in the home 
cage of the subject. (Each juvenile stimulus was used only 
once per day and when not in use as a social stimulus was 
maintained in a group cage with several other juveniles.) The 
behavior of the subject was then observed for a 10-min inter- 
val. Social investigation was recorded when the subject snif- 
fed, followed or otherwise inspected the juvenile stimulus. 
Each interval of sustained investigative behavior was desig- 
nated as an investigative bout, and the frequency and dura- 
tion of such bouts were recorded on paper tape. Attempted 
mounts by the subject were also recorded. Upon completion 
of the test interval, the juvenile was removed and the subject 
remained isolated. Two days after the first test, each subject 
was tested again, in the same manner and at the same time of 
day, but following pretreatment with the alternate exposure 
to caffeine or vehicle. 
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FIG. 2. Cumulative social investigation time over successive min- 
utes of observation by sexually experienced and inexperienced male 
rats. Caffeine-treated groups did not differ at any time of observa- 
tion and these data were collapsed. 


Results 


Caffeine administration increased social investigatory be- 
havior, F(1,12)=65.41, p<0.001, and drug treatment inter- 
acted with sexual experience, F(1,12)=4.68, p<0.05 (see 
Fig. 1). The mean difference in social investigation by sexu- 
ally experienced and nonexperienced males receiving only 
the vehicle was reliable, 1(14)=2.85, p<0.01, confirming the 
original report of a long-term effect of copulatory experi- 
ence, presumably mediated by associations formed during 
initial copulatory experience [13]. The result of the caffeine 
exposure was to increase mean social investigatory behavior 
of both treatment groups. Clearly, acute caffeine exposure 
counters the copulatory experience effect on persistence of 
social investigatory behavior when exposed to a novel 
juvenile conspecific. 

Caffeine exposure increased locomotor activity, 
F(1,12)=131.21, p<0.001, and decreased mounting, 
F(1,12)=5.10, p<0.05. Means and variances are given in 
Table 1. Interactions of treatment with sexual experience 
were not reliable for activity and mounting measures. 

Experienced and nonexperienced male groups receiving 
caffeine did not differ reliably at any minute of observation 
and their data were thus collapsed for comparison with ve- 
hicle groups. One-way ANOVAs for each minute of obser- 
vation indicated reliable mean differences (p<0.05) for min- 
utes 2 through 9. During the initial minute of observation all 
groups engaged in comparably high levels of investigation 
and during the final minute of observation all groups engaged 
in comparably low levels of investigation. The caffeine 
treatment effect, as well as the copulatory experience effect, 
is readily apparent in the cumulative, group mean compari- 
son described in Fig. 2. 

Mean frequency of investigative bouts was markedly 
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TABLE | 


LOCOMOTOR ACTIVITY, MOUNTING, AND SOCIAL 
INVESTIGATION MEASURES OF SEXUALLY EXPERIENCED 
AND NONEXPERIENCED MALE RATS AFTER RECEIVING 
CAFFEINE OR VEHICLE (MEAN + SE) 





Caffeine 


Behavior (20 mg/kg) 


Group Vehicle 





Quadrants 11.9 + 1.0 
entered 94+0.8 


Mounts 2.1 + 0.9 


let §2 


Investigation 32.6 + 3.3 
bout frequency ma 28 


Investigation : 8.7 + 0.6 
time (sec)/bout 10.6 + 1.9 





greater with caffeine than with vehicle, F(1,12)=11.35, 
p<0.01. Sexual experience did not reliably affect bout fre- 
quency and the interaction of sexual experience with treat- 
ment was only marginally reliable, F(1,12)=4.08, p<0.10. 
Mean bout frequency with vehicle was lower for sexually 
experienced than for sexually inexperienced males but the 
mean difference was not reliable. Means and variances are 
given in Table 1. 

Mean investigation time per investigative bout was not 
affected by dosage of caffeine, i.e., number of investigative 
episodes increased in parallel with total investigation time. 
An analysis of the present data confirms the finding of no 
reliable caffeine treatment effect on investigation time per 
investigative bout [5]. Similarly, the interaction of sexual 
experience with caffeine treatment was nonreliable in refer- 
ence to the ratio scores. However, the mean ratic score for 
sexually nonexperienced males was reliably greater than that 
for sexually experienced males, F(1,12)=6.73, p<0.0S. 
Means and variances are given in Table 1. 


EXPERIMENT 2 


The results of Experiment | describe a substantial in- 
crease in the social investigatory behavior of sexually expe- 
rienced male rats pretreated with 20 mg/kg of caffeine. In this 
experiment we examine the caffeine dose response curve in 
adult, sexually experienced male rats. Our purpose is to de- 
termine threshold dosage of caffeine that disinhibits social 
investigatory behavior in experienced males and to evaluate 
potential order effects in sequential exposures to caffeine. 


Method 


Ten experimentally naive adult male Long-Evans hooded 
rats were used. Each male was approximately 5 months of 
age and had been used as a breeder with a 10-day exposure to 
four adult females. All males sired litters. Social stimuli were 
juvenile males 28-34 days of age at time of test. Each male 
subject was maintained in an individual cage for two days 
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FIG. 3. Mean social investigation time, time to criterion, activity 
and investigative bout frequency of sexually experienced male rats 
as a function of caffeine dosage. 


prior to testing and throughout the testing period. Lab chow 
pellets and water were freely available throughout. 

Each subject was exposed to each dose of caffeine in 
ascending or descending order of magnitude; 5 males were 
assigned to each order. As in Experiment |, each subject was 
observed in its home cage, in dim red light, during the nor- 
mally dark phase of the daily light-dark cycle. On daily tests, 
subjects were injected with anhydrous caffeine in saline ve- 
hicle. Dosages were 0, 5, 10, 20 and 40 mg/kg. Each injection 
was given 30 min prior to test and each subject was observed 
for gross motor activity as described in Experiment 1. 

In this experiment our observation procedure was altered 
to conform to that of previously reported work [13]. Namely, 
we observed each subject to a criterion of neglect defined as 
30 sec with no social behavior directed toward the social 
stimulus. Time to criterion (the interval from initial exposure 
to the stimulus to the end of the 30 consecutive seconds with 
no social behavior by the subject) has been defined as a 
measure of persistence in social investigation and has been 
used successfully by others in related work [11]. 

A hand-held panel of switches was used to record dura- 
tion of social investigation, bouts of social investigation, and 
copulatory mount frequency on a paper tape recorder. Re- 
lease of any switch closure activated a silent countdown 
timer that was automatically reset upon any subsequent 
switch closure that occurred within 30 sec. After the first 
30-sec interval with no switch closure (criterion), a brief 
auditory cue was generated to signal termination of the ob- 
servation interval. 


Results 


Activity, social investigation time, time to criterion, and 
investigative bout frequency means for each dosage of caf- 
feine exposure are given in Fig. 3. All measures of social 
investigation increased at the 20 mg/kg dose of caffeine. 
Caffeine-induced increase in locomotor activity was appar- 
ent at smaller dosages of 5 and 10 mg/kg. 

The data for each measure was analyzed by two-way re- 
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FIG. 4. Interaction of caffeine (10 mg/kg) or vehicle administration 
and sexual experience in adult male rats. All subjects tested follow- 
ing caffeine and vehicle exposure before and after 5-day exposure to 
adult females. 


peated measures ANOVA (Order x Dosage). All main ef- 
fects and interactions of the order and mount frequency vari- 
ables were nonsignificant. The main effect of caffeine dosage 
was reliable for total investigation time, time to criterion, 
investigative bout frequency and activity, Fs(4,32)=12.04, 
8.24, 8.46, and 26.72 (ps<0.001), respectively. 

Tukey HSD post hoc tests for paired mean comparisons 
indicated no reliable mean differences at 0, 5, and 10 mg/kg 
dosages on total investigation time, time to criterion, or in- 
vestigative bout frequency. Similarly, no reliable mean 
differences were found on any of these measures between 
means at 20 and 40 mg/kg dosages. In each case, the higher 
dosages (20 and 40 mg/kg) differed reliably (»><0.05) from 
each of the lower dosages (0 and 5 mg/kg). 

Locomotor activity means differed reliably at lower dos- 
ages. Mean activity at dosages of 10, 20, and 40 mg/kg were 
all reliably greater (p<0.01) than vehicle control. A dosage of 
10 mg/kg increased activity (p<0.01) over 5 mg/kg. Means at 
20 and 40 mg/kg did not differ reliably, and means at 0 and 5 
mg/kg did not differ reliably. 

These results, in addition to that of Experiment 1, de- 
scribe a dose-related effect of acute caffeine exposure on 
social investigatory behavior of the sexually experienced 
adult male. At dosages of 10 mg/kg or less, there is no reli- 
able increase over vehicle controls; at dosages of 20 mg/kg or 
greater there is a marked increase in persistence of inves- 
tigatory behavior. 


EXPERIMENT 3 


A caffeine dosage of 20 mg/kg disinhibits the effect of 
prior copulatory experience on social investigatory behavior 
(Experiment 1) and, in sexually experienced males, a 10 
mg/kg caffeine dosage does not reliably increase social in- 
vestigatory behavior (Experiment 2). Elsewhere, however, 
we have reported that, in sexually inexperienced adult (9 





THOR AND HOLLOWAY 


months old) males, a 10 mg/kg dosage of caffeine reliably 
increases social investigation [5]. 

To further examine the interaction of caffeine exposure 
and sexual experience, we observed adult males following 
exposure to caffeine (10 mg/kg) and vehicle, before and after 
sustained exposure to adult females. Copulatory experience 
was expected to decrease the persistence of social inves- 
tigatory behavior; caffeine exposure was expected to in- 
crease investigatory behavior, relative to vehicle, in pre- 
copulatory tests but to have little or no effect in 
postcopulatory tests. In effect, copulatory exposure to 
females was expected to counter the caffeine exposure effect 
of increased persistence in social investigatory behavior. 


Method 


Subjects were 12 experimentally naive Long Evans male 
rats 4 months of age at the start of the experiment. Since 
weaning, all subjects were maintained in all-male groups of 
four per cage. Social stimuli were 28-32 day old male 
juveniles maintained since weaning in group cages. 

Each subject was individually housed two days prior to 
testing as described in Experiment 1. Social exposure tests 
to juvenile stimuli were made before and after each subject 
was housed with two nulliparous adult females for a 5-day 
interval. Social exposure tests were made as described in 
Experiment 2 following subcutaneous injection of vehicle or 
caffeine (10 mg/kg) on alternate days in counterbalanced or- 
der. Each subject was tested following each treatment before 
and after exposure to females. The second round of expo- 
sures was made commencing 6 days after removal of females 
from the home cage of each subject. Activity, mount fre- 
quency and social investigatory behaviors were observed, as 
described, to a 30-sec criterion of neglect. 


Results 


Eight subjects impregnated both females and four sub- 
jects each impregnated one female. More than one copula- 
tory series does not appear to proportionately decrease sub- 
sequent persistence in social investigatory behavior [13]. At 
present, it appears that sustained exposure (at least several 
days) to one or more females is necessary for an adult male 
to learn the social discrimination that is the basis of the ob- 
served difference in behavior between experienced and in- 
experienced males. 

The data were analyzed by a three-way ANOVA with 
repeated measures (Order x Pre-Post Copulatory Exposure 
Test x Caffeine-Vehicle Exposure). As in Experiment 2, all 
order effects were nonsignificant. Post hoc paired mean 
comparisons were made by Tukey HSD test. Means and 
variances for activity, social investigation time, time to cri- 
terion, and investigative bout frequency are given in Fig. 4. 

Copulatory exposure decreased each measure of inves- 
tigatory behavior: Fs(1,10)=25.84, 10.78, 22.70 (ps<0.01). 
The effect of caffeine was to increase (p<0.01) all measures 
of investigation on precopulatory exposure and thus con- 
tribute to interactions (Pre-Post Copulatory Exposure Test 
x Caffeine-Vehicle Exposure); Fs(1,10)=8.87, 11.54, and 
9.18 (ps<0.01). The main effect of caffeine was reliable, 
F(1,10)= 12.24, p<0.01, for investigation bout frequency and 
marginally reliable (p<0.10) for investigation time and time 
to criterion. 

Caffeine exposure increased locomotor activity, 
F(1,10)=55.28, p<0.001, and interacted with sexual experi- 
ence, F(1,10)=8.07, p<0.02. The main effect of sexual 


CAFFEINE AND COPULATORY EXPERIENCE 


experience was not reliable on the activity measure (as in 
Experiment 1). 

Tukey HSD post hoc tests for paired mean comparisons 
indicated that caffeine exposure on precopulatory tests dif- 
fered from saline exposure in its effect on investigation time 
(p <0.05), activity (p><0.01), bout frequency (p<0.01), and 
time to criterion (p<0.01). On postcopulatory tests, caffeine 
and saline exposure differed (p<0.01) only on the activity 
measure. Pre- and post-copulatory caffeine exposure dif- 
fered (p<0.01) for investigation time, bout frequency, and 
time to criterion. Pre- and post-copulatory vehicle exposure 
differed for investigation time (p<0.01) and time to criterion 
(p <0.05). 

The results of Experiment 3 confirm the effect of copulat- 
ory exposure on social investigatory behavior of the adult 
male rat as described elsewhere [13] and in the present series 
(Experiment 1). Exposure to 10 mg/kg of caffeine increased 
the persistence of social investigatory behavior in sexually 
inexperienced adult males but had no effect on sexually 
experienced adult males. In comparison, the activity meas- 
ure suggests that the influence of copulatory experience on 
social investigatory behavior does not extend to the locomo- 
tor stimulant effect of caffeine. This interpretation is also 
supported by the results of Experiment 1. 


GENERAL DISCUSSION 


Copulation decreases subsequent social investigatory be- 
havior of young adult males when exposed to novel con- 
specifics, and the modification in social response is demon- 
strable by exposure to any ovariectomized female or 
juvenile. This robust effect suggests that sexual experience 


provides a reference for comparison of prior, sex-linked so- 
cial cues with currently available social cues [8,10]. Such a 
reference capacity probably serves to increase the efficiency 
of social discrimination and thereby relieve males of the in- 
cumbency of expending surplus time and energy investigat- 
ing conspecifics with minimal potential for reproductive 
engagement. 

The hormonal basis of sex-linked differences in social in- 
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vestigation [6, 12, 14] emphasizes the distinctive character of 
male behavior in premating interaction. Response to caf- 
feine, for example, is contingent on gonadal testosterone; 
immature males, adult females, and gonadectomized adult 
males do not respond to caffeine with increased social inves- 
tigation [10]. 

The present work further explicates a useful method for 
evaluating additional pharmacological interactions with 
long-term effects of prior copulatory experience. Threshold 
dosage of caffeine for increase in locomotor activity is lower 
than the threshold dosage for countering the effect of 
copulatory experience. This difference suggests that the ef- 
fect of caffeine on social investigation is not simply a secon- 
dary effect of increased activity. Lack of order effects in 
Experiments 2 and 3 also suggest that caffeine effects on 
social investigation are temporary and reversible. All of 
these findings are consistent with other reports suggesting 
that caffeine effects on locomotor activity and social investi- 
gation are independent [5,6]. Furthermore, since caffeine de- 
feats the effect of prior copulatory experience by an increase 
in behavior, this approach obviates the question-begging 
usually associated with blocking or inhibitory effects of 
drugs denoted by a decrease in behavior. Comparable direc- 
tional effects are anticipated with other centrally active 
drugs capable of interfering with the accessing or retrieval of 
information in long-term memory. 

The sociosexual model herein outlined is founded on a 
long-term effect of initial copulatory experience. 
Presumably, social discrimination learning and social refer- 
ence memory are intimately involved. Although we have 
purposively concentrated on the social investigatory behav- 
ior of males, there are certainly other aspects of social be- 
havior that may be similarly affected [1, 3, 8, 9, 10]. This 
limitation, however, does not materially detract from the 
potential applicability of the model which may be capable of 
assessing neuroendocrinological as well as pharmacological 
interactions. Evidently, a major component of male social 
investigatory behavior is, in fact, sex-related, i.e., stimulus- 
response contingencies during initial copulatory experience 
seem to provide a natural arrangement for gain in relevant 
social information that serves individual adaptation [4, 7, 9]. 
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HERMAN, J. P., G. J. THOMAS, J. F. LAYCOCK, I. B. GARTSIDE AND D. M. GASH. Behavioral variability within 
the Brattleboro and Long-Evans rat strains. PHYSIOL BEHAV 36(4) 713-721, 1986.—Samples of genetically diabetes 
insipidus (DI) and normal (NO) rats were obtained from American suppliers (Rochester (RO)/DI and NO) and from the 
colony maintained at Charing Cross Hospital in London (Charing Cross (CC)/DI and NO) to test the hypothesis that the 
behavior of vasopressin-deficient Brattleboro (D1) and possibly normal Long-Evans rats may vary significantly between 
different colonies. DI rats of both colonies exhibit longer latencies to emerge into an open field than do NO rats. RO/DI and 
CC/DI rats acquire goal-approach behavior in a straight runway at similar rates. Following shock in the runway goal box, 
however, RO/DI rats exhibit marked recovery of running behavior relative to CC/DI rats over the ten post-shock sessions. 
All DI animals show reductions in goal-approach speed on the first post-shock trial, indicating that the aversive experience 
is remembered. CC/NO rats acquire goal-approach behavior more slowly than RO/NO rats, but neither NO group shows 
substantial recovery of goal approach behavior following shock. CC/DI rats showed impaired acquisition of a delayed 
non-match to sample task relative to RO/DI rats. All groups demonstrated the ability to utilize representational memory to 
solve the delayed non-match to sample problem once the contingency was learned. The results indicate that DI and normal 
Long-Evans rats from different colonies show marked differences in behavior. Since differences between DI and normal 
rats on tests indicating memory are not consistent across colonies, it is unlikely that vasopressin deficit is solely responsible 


for memory deficiencies. However, vasopressin deficiency may result in changes in temperament. 
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THE Brattleboro rat homozygous for diabetes insipidus (DI 
rat) is unable to synthesize detectable quantities of vaso- 
pressin (VP) in its brain due to an autosomal genetic muta- 
tion [32]. Since its discovery in the early 1960s, the DI rat has 
been used in numerous studies as a model system to assess 
the role of VP in behavioral processes with the assumption 
that differences between DI rats and control rats result from 
VP deficiency [16] and/or factors which accompany VP de- 
ficiency [7]. Little attention, however, has been paid to po- 
tential behavioral variability within the DI strain. The colonies 
of DI rats which exist today have typically been formed from 
small groups of breeding animals, due to the relative rarity 
and expense of the mutant strain. With such a breeding 
scheme it is probable that genetic information specific to the 
colony-founding animals will predominate in subsequent 
generations (see [24]). Since behavior is at least in part gene- 
tically determined, it is likely that constituents of given DI 
colonies will manifest behavioral characteristics similar to 
those of the colony founders. It is therefore possible that DI 
rats may markedly differ in performance of behavioral tasks 
between colonies due to the restriction of the pool of genes 
influencing behavior in the different colonies. The behavior 
of DI rats may be not so much a product of deficiency of VP 
as a product of the genetic background of the subpopulation 
sampled (see also [34)]). 


Circumstantial evidence that variability may exist be- 
tween different groups of DI rats is present in the literature. 
Previous behavioral studies utilizing DI rats have yielded a 
wealth of conflicting results. For instance, De Wied and col- 
leagues reported severe deficits of passive avoidance in DI 
rats compared with rats that are heterozygous for diabetes 
insipidus (HZ rats). The behavioral deficit can be restored to 
control levels following peripheral injections of VP or des- 
glycinamide-lysine-VP, a VP analogue reported to have no 
endocrine activity [16]. Extinction of pole-jump avoidance is 
more rapid in DI rats than in HZ animals or normal Wistar 
rats [10]. However, other investigators do not report severe 
impairments of avoidance performance in DI rats. Bailey and 
Weiss [5, 6, 7] have observed that DI rats exhibit shorter 
passive avoidance latencies than HZ rats, but definitely 
show evidence of retention of shock. Others indicate that DI 
rats perform passive avoidance as well as, or better than, 
normal Long-Evans (NO) rats [12, 13, 34]. In addition, sev- 
eral reports suggest that DI rats do not differ from control 
rats in terms of extinction of active avoidance [13,14] or in 
performance of an approach-avoidance task [11,20]. There is 
thus little accord concerning the performance of DI rats on 
aversively motivated tests indicating memory. 

Previous studies by our group have suggested that DI rats 
may differ from NO rats in temperament (a summarizing and 
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FIG. 1. Mean open field emergence latencies of Brattleboro DI 
(panel A) and Long-Evans NO (panel B) rats from different colonies. 
There was no effect of colony on emergence latency for DI or NO 
rats. Error bars represent standard error of the mean (S.E.M.). 


descriptive term for a variety of specific response patterns). 
We find that DI rats are slower to enter an open field and 
take longer to achieve consistent goal approach behavior in a 
Straight runway or T-maze than NO rats [11], possibly ex- 
plained by characterizing DI rats as being, generally, more 
fearful than controls. Similarly, Bailey and Weiss indicate DI 
and HZ rats to be more fearful than NO rats as inferred from 
lower ambulation scores and high incidence of freezing in an 
open field [7]. Williams, Carey and Miller [34], however, find 
that DI rats are more active in an open field than normals on 
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the first day of testing. Laycock reports that DI rats are 
bolder (in the sense of displaying less neophobia) than 
NO rats, as reflected by greater activity in an open field and 
by more rapid acquisition of fixed-ratio operant responding 
[22]. Other investigators, interestingly, report no differences 
between DI and HZ rats in open field activity [10]. It is thus 
apparent that, generally, there is little consistency between 
laboratories concerning the behavioral characteristics of 
VP-deficient rats. 

The sources for animals used in the above studies have 
varied from small isolated colonies to commercial suppliers. 
It is tempting to speculate that use of DI animals with vary- 
ing genetic backgrounds derived from different founders may 
account for at least some of the differences observed be- 
tween laboratories. Therefore, the question of whether sig- 
nificant behavioral differences exist between different col- 
onies of DI rats, possibly due to founder effects [24], is ad- 
dressed here. 

In these experiments, we compared behavioral charac- 
teristics of DI rats from an American commercial supplier 
(Blue Spruce Farms, Altamount, NY) to those of a colony 
maintained at Charing Cross Hospital in London, England. 
As we were interested in determining also whether the out- 
bred Long-Evans strain might differ behaviorally from col- 
ony to colony, we tested NO rats from an American supplier 
(Charles River Laboratories, MA) and from the London col- 
ony. The necessity of using different suppliers for American 
DI and NO rats stemmed from the fact that normal Long- 
Evans rats were unavailable from Blue Spruce Farms at the 
time of these studies. The breeding procedures used by the 
major world suppliers of DI rats (Blue Spruce Farms and 
Zeist) consists of mating homozygous DI males with either 
homozygous or heterozygous males [18]. Since this breeding 
scheme has been followed for a number of generations of DI 
rats, there is no basis to speculate that DI rats are more 
related to NO rats from Blue Spruce Farms than from 
Charles River Laboratories. Our procedures included behav- 
ioral tests inferred to measure fearfulness (neophobia), run- 
way learning, shock avoidance, and the categories of dis- 
positional and representational memory recently proposed 
by Thomas [30]. 


EXPERIMENT 1: OPEN FIELD EMERGENCE 


We have previously demonstrated that DI rats are more 
fearful than normal Long-Evans rats, when ‘‘fearfulness”’ is 
operationally defined by longer latencies to emerge from a 
familiar into a novel environment [11]. The present experi- 
ment was designed to compare DI and NO rats from Ameri- 
can suppliers with DI and NO rats from the colony main- 
tained at Charing Cross Hospital on an identical open field 
emergence task. 


METHOD 
Subjects 


Subjects were ten Long-Evans normal and ten homozygous 
DI male rats acquired from the colony at Charing Cross Hospi- 
tal in London, England, hereafter designated CC(Charing 
Cross)/NO and CC/DI rats, respectively, and ten Long-Evans 
normal and ten homozygous DI male rats purchased from 
American suppliers, hereafter designated RO(Rochester)/NO 
and RO/DI rats, respectively. RO/NO rats were acquired from 
Charles River Laboratories, MA, and RO/DI rats from Blue 
Spruce Farms, NY. 

Animals from London were placed in individual cages 
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upon arrival and were allowed to adapt to their new en- 
vironment for 60 days. Animals from American suppliers 
were similarly placed in individual cages and given two 
weeks to adapt to our vivarium. During these periods, food 
and water were available ad lib. One week prior to testing, 
animals were weighed to establish ad lib body weights and 
the food removed from their home cages. Animals were sub- 
sequently maintained on a diet of 7 g wet mash per day, and 
were weighed and handled every other day. Weight was re- 
duced to 85% ad lib and maintained there throughout testing, 
with once-a-day supplementation as necessary. At the be- 
ginning of testing, ad lib weight ranges for the groups were as 
follows: CC/NO: 285-370 g, CC/DI: 221-348 g, RO/NO: 
310-403 g, RO/DI: 253-315 g. All animals tested were over 
six months of age. 

Water consumption was measured for three days while ad 
lib feeding for each experimental group was in effect. Daily 
water consumption (as expressed as grams per day per 100 
gram body weight or % BW) ranges were as follows: CC/NO: 
4-14% BW, CC/DI: 95-133% BW, RO/NO: 6-16% BW, 
RO/DI: 65—141% BW. These data indicate that the DI rats were 
indeed suffering from diabetes insipidus. 


Apparatus and Procedure 


The open field apparatus consisted of a 91x91x30 cm 
wooden box, painted gray, with a hole in the center of one of 
the sides. The testing room was illuminated with house 
lights, and animals were observed during testing from an 
adjoining room through a one-way mirror. Animals received 
one trial per day for four consecutive days, with each trial 
consisting of the home cage being placed, cage door open, in 
front of the hole leading into the open field. Subjects were 
allowed 300 sec to enter the apparatus with entry defined as 
placing all four feet in the open field; any animal not enter- 
ing during this period was removed from the testing room 
and given a default score of 300 sec. 


Data Analysis 


In this and all following experiments, the data were 
analyzed by two-way ANOVA with repeated measures. Post- 
hoc analyses consisted of comparisons between CC/NO and 
RO/NO animals and between CC/DI and RO/DI animals. 
Where appropriate, analysis was performed across all groups 
and followed by F-tests for simple effects and/or Newman- 
Keuls tests to determine whether groups differed from one 
another across colonies. 


RESULTS AND DISCUSSION 


As illustrated in Fig. 1A, CC/DI and RO/DI rats did not 
differ in terms of open field emergence. There was no effect 
of colony on emergence latency, F(1,18)=0.01, p=0.97 nor 
any colony by trial interaction, F(3,54)=0.77, p=0.50. A 
significant effect of trial, F(3,54)=2.97, p<0.05, indicated that 
both groups decreased emergence latencies as a function of 
exposures, but this is misleading: only three animals from 
each group entered the open field over the course of testing. 
These data indicate that, on the whole, CC/DI and RO/DI 
rats do not show a marked or differential tendency to enter 
the open field apparatus. 

In contrast, both CC/NO and RO/NO rats show a strong 
tendency to enter the open field (Fig. 1B). There was a signif- 
icant trial effect, F(3,54)=8.06, p<0.0005, indicating decreas- 
ing emergence latency as a function of testing experience. 
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FIG. 2. Pre-shock running speed of Brattleboro DI (panel A) and 
Long-Evans NO (panel B) rats in the straight runway. While DI rats 
do not differ in pre-shock running speed, CC/NO rats adapt signifi- 
cantly slower than RO/NO rats (p<0.05). Error bars represent 
S.E.M. 


There was no effect of colony, F(1,18)=0.03, p=0.87, nor 
any colony by trial interaction, F(3,54)=1.98, p=0.13. 

Since there was no statistical colony difference between 
NO and DI samples, results were pooled for comparison 
between NO and DI rats. Significant effects of strain, 
F(1,38)=6.99, p<0.02 and a significant strain by trial inter- 
action, F(3,114)=3.47, p<0.02, indicated that NO rats 
were quicker to emerge into the open field than DI rats over all 
trials and that NO rats reduced entry latencies (as would be 
expected) more rapidly as a result of experience. 

Results of this experiment indicate that, in general, DI 
rats may be more tenative in novel situations than NO rats. 
Absence of a significant colony difference and the significant 
difference between DI and NO rats in both colonies indi- 
cated that the observed “‘cautiousness”’ is related to VP de- 
ficiency rather than to genetic characteristics of the respec- 
tive colonies. 





EXPERIMENT 2: APPROACH-AVOIDANCE 


Goal-approach learning and shock avoidance were tested 
in a straight runway, using an approach-avoidance paradigm. 
This procedure assesses how rapidly a strong approach habit 
is acquired and how much a single aversive experience is 
able to disrupt this habit on post-shock trials. Using animals 
from Blue Spruce Farms, we had reported retarded acquisi- 
tion of goal approach speed (slow adaptation) in DI rats 
compared with normals and equivalent post-shock 
avoidance in DI and NO rats using a similar procedure [11]. 


METHOD 
Subjects 


Subjects were the same animals used in Experiment |. All 
animals were maintained at 85% ad lib weight throughout this 
procedure. 


Apparatus and Procedure 


The straight runway has been described previously [11]. 
Briefly, it consisted of a start box (SB), a long straight 
runway, and a goal box (GB), separated from one another by 
guillotine doors. 

Prior to assessing runway learning, animals were given 
three daily one minute GB placements for six days to adapt 
animals to eating in the apparatus. Pre-shock training began 
24 hours following the last day of GB placements, and con- 
sisted of ten daily sessions of three trials each, with each trial 
consisting of an animal being placed in the SB, the SB door 
opened, and the animal allowed to traverse the runway to 
receive a reward, which was 20 sec access to wet mesh, in- 
troduced after the rat had entered the GB and the 
GB door closed. Any animal not entering the GB within 100 
sec was removed from the runway and given a default score 
of 100 sec. Trials were timed automatically by an electrical 
timer. 

On the third trial of the tenth session, a 2.5 mA unscram- 
beled shock was delivered through the food dish (Stoelting 
Constant Current Shocker, Stoelting Corp.). Animals re- 
mained in the GB for 60 sec following entry, and the number 
of shocks taken by touching the food dish was recorded. 

On the day following shock (24 hours later), animals 
began post-shock testing. Response time on the first post- 
shock trial indicated memory for the shock. Beginning with 
the second post-shock trial, ten daily sessions of three trials 
each (identical in every respect to pre-shock trials) were 
administered to determine whether or not the animals would 
recover from the shock-induced inhibition of goal-approach 
behavior. Animals received access to food without shock if 
they entered the GB before the default time of 100 sec. 


RESULTS AND DISCUSSION 


Pre-shock speeds were taken as an indication of the 
rapidity with which animals adapt to the maze and acquire 
the goal-approach habit. As illustrated in Fig. 2A, CC/DI and 
RO/DI rats do not differ in terms of acquisition of the goal- 
approach habit. There was no effect of colony, F(1,17)=0.61, 
p=0.45, nor any colony by _ session interaction, 
F(8,153)=0.75, p=0.66. In contrast, CC/NO rats adapt 
somewhat more slowly than RO/NO rats (Fig. 2B), as is 
evident from a significant colony by session interaction, 
F(9,162)=2.00, p<0.05. The main effect of colony ap- 
proached significance, F(1,18)= 2.98, p=0.10. 
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FIG. 3. Running speeds of Brattleboro DI and Long-Evans NO rats 
in the straight runway on the last pre-shock trial (left) and the first 
post-shock trial (right), 24 hr following shock. All groups showed 
significantly increased running speed from the last pre-shock trial to 
the first post-shock trial (p<0.05); there were no differences be- 
tween groups in terms of pre-shock or post-shock running speeds. 
Error bars represent S.E.M. 


Adaptation to the runway involves two processes: (1) 
learning that entering the GB results in access to food and (2) 
attenuation of fear and/or exploratory activity elicited by the 
novel environment. Animals typically spend considerable 
time exploring the apparatus (sniffing, rearing) on the first 
few sessions, and then rapidly attenuate exploration on sub- 
sequent sessions in favor of rapid goal approach responding. 
The CC/NO group shows persistent interjection of explora- 
tory behaviors into trials on later sessions compared with the 
RO/NO group or the CC/DI and RO/DI groups, which may 
account for the delayed adaptation. The delay is probably 
due to a slower diminution of fearful or exploratory reactions 
to maze placement, representing a non-associative tem- 
peramental difference from the other groups and not a learn- 
ing deficit or deficit in running speed per se. 

Analysis of variance performed across all groups revealed 
a significant group by session interaction, F(27,315)=1.65, 
p<0.03. F-tests for simple effects revealed significant 
group-by-session interactions between the CC/NO group and 
all others (p<0.05), with no significant interactions existing 
between other groups. The CC/DI, RO/DI and RO/NO group 
thus show equivalent acquisition of the running habit. Previ- 
ous studies have indicated that Blue Spruce Farms DI rats 
adapt more slowly than Blue Spruce Farms NO rats to the 
straight runway [11,20]; differences between these results 
and those of the present experiment may reflect a behavioral 
difference between shipments of DI rats. The difference be- 
tween CC/NO and RO/NO groups in this study suggests that 
behavioral variability may exist within the Long-Evans con- 
trol strain, with different colonies showing differences re- 
lated to general cautiousness. Behavioral variation between 
shipments of Long-Evans rats has been documented previ- 
ously [29]. 

There were no significant differences between colonies or 
among groups in the number of shocks taken on the shock 
trial. There was thus no obvious variability in shock sen- 
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FIG. 4. Post-shock running speeds for Brattleboro DI (panel A) and 
Long-Evans NO (panel B) rats in the straight runway. Points on far 
left represent running speeds of each group on the last pre-shock 
session. Running speed is significantly reduced for all groups on the 
first post-shock session (p<0.05). RO/DI rats show a more rapid 
recovery of running than do CC/DI rats (p<0.01). NO rats do not 
differ in post-shock running speed. Error bars represent S.E.M. 


sitivity between groups, although the number of shocks 
taken is an admittedly crude measure of this parameter. 
Since repeated safe exposures to the runway on days follow- 
ing the shock trial may potentially provide new information 
to subjects [25], the most unambiguous measure of shock reten- 
tion is running speed on the first post-shock trial, offered 24 
hours following shock. Shock severely disrupts the goal ap- 
proach habit in all groups on the first post-shock trial (Fig. 
3). Approach speed is significantly reduced from the last 
pre-shock trial to the first post-shock trial for all 
groups, (p<0.05, t-test). Indeed, only three rats failed to de- 
fault the first trial of post-shock session one (one CC/NO and 
two RO/DI). Only two RO/DI animals consumed food on the 
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first post-shock trial. On subsequent trials of the first post- 
shock session, several rats did reenter the GB at long laten- 
cies. In all, five RO/DI and two CC/DI rats consumed food 
during post-shock session one. 

Analysis of post-shock goal-approach behavior reveals 
that RO/DI rats reacquired pre-shock goal-approach 
speeds over the course of several sessions where reinforce- 
ment was available as in original, pre-shock trials, while 
CC/DI rats continued to exhibit markedly depressed ap- 
proach speed throughout post-shock testing (Fig, 4A). The 
reliability of this effect is evident from a significant effect of 
colony, F(1,17)=169.9, p<0.0005, and a significant colony 
by session interaction, F(9,153)=2.73, p<0.01. There was no 
significant recovery of pre-shock approach in CC/NO or 
RO/NO groups, and there was no significant effect of colony 
on approach speed for normal rats, F(1,18)=0.04, p=0.85, 
nor any colony by session interaction, F(9,162)=0.57, 
p=0.82 (Fig. 4B). An overall ANOVA performed for all 
groups revealed a significant effect of group, F(3,35)=36.24, 
p<0.001, and a significant group by session interaction, 
F(27,315)=1.78, p<0.02. These effects were carried by the 
recovery of the RO/DI group, since this group differed from 
all others in running speed over the post-shock sessions 
(p<0.05, Newman-Keuls test) and in rate of recovery 
(ps<0.05, F-test for simple effects), and since none of the 
other group differed from one another. 

These data indicate that none of the experimental groups 
included in this study are deficient in memory of shock. All 
groups manifested significant avoidance of the GB on the 
initial post-shock trial. It is thus apparent that VP deficiency 
alone does not result in impaired long-term retention of 
shock. 

Significant behavioral variation is observed between 
RO/DI and CC/DI groups in terms of recovery of goal- 
approach behavior over a number of post-shock sessions. 
The RO/DI group shows an accelerated recovery of ap- 
proach relative to CC/DI rats and to both NO groups. Re- 
covery is probably a product of relearning that the runway 
and GB are safe and that a reward is available. The ability of 
RO/DI rats to show evidence of relearning suggests that 
RO/DI rats attenuate their fear reactions to the testing situa- 
tion more rapidly than CC/DI rats (or normal rats, for that 
matter) following shock. 

We had previously demonstrated that DI and NO rats 
from Blue Spruce Farms indicate similar levels of retention 
after a more intense (5 mA) shock [11]. While it is possible 
that shipment differences may account for discrepancies be- 
tween this experiment and the earlier study by our group in 
terms of shock avoidance of DI rats, it is also possible that 
the more intense shock prevented recovery. 


EXPERIMENT 3: DELAYED NON-MATCH 
TO SAMPLE 


The ability of our groups to use dispositional and represen- 
tational memory was inferred from performance of an 
appetitively-motivated task. The test employed was a de- 
layed non-match to sample task run in a T-maze, using a 
paired-run procedure. In this design, a subject is given an 
information (I) run, where one door of the T-maze is opened 
and access to food allowed, closely followed by a choice (C) 
run, where both doors are opened and the animal required to 
chose the arm opposite that available in the I run to receive 
reward. Successful completion of this task requires both dis- 
positional memory (remembering what to do in the maze as 
indicated by acquisition of the non-match to sample contin- 
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gency) and representational memory (remembering the 
direction of the I run as indicated by correct choice on the 
subsequent C run) [30,31]. 


METHOD 
Subjects 


Subjects were the same animals used in the preceding 
experiments. Six to twelve weeks intervened between Ex- 
periments 2 and 3 to prevent contamination of this experi- 
ment by previous experience of shock. During this period, 
animals were fed ad lib until one week prior to testing, when 
food deprivation was begun as previously described. 
Animals were maintained at 85% of their new ad lib weights. 


Apparatus and Procedure 


The apparatus was a trough T-maze, consisting of a start 
box (SB), 40x 10x 14 cm, two goal boxes (GB), 35x 10x14 
cm, and a small choice area. Guillotine doors separated the 
SB from the choice area and the two GBs from the choice 
area. Illumination of the maze was supplied by a 7.5 watt 
incandescent bulb located directly above the choice area. 

The paired-run procedure has been described in detail 
elsewhere [28]. Briefly, training was conducted in three phases. 
First, rats were given four to six daily sessions of six 
one min goal box placements, counterbalanced between GBs 
according to a Fellows schedule [17]. Following the last day 
of GB placements, rats were given eight sessions (one ses- 
sion per day) of six forced-choice (adaptation) runs, also coun- 
terbalanced as to correct GB according to a semi-random 
schedule. These two procedures were designed to adapt the 
rats to the maze and to provide the rats with ample opportu- 
nity to acquire dispositional memories of how to obtain food 
in the T-maze, i.e., by running from the SB to a GB, and to 
allow rats to habituate to the apparatus. Response time is 
used as a crude index of adaptation to the maze. Finally, rats 
were given ten sessions (again, one session per day) of six 
paired-run trials, where animals were given an I run, 
allowed to eat in GB for 10-15 sec, removed from the GB, 
and immediately replaced in the SB and given a C run. 
The animal now had to choose (discriminate) which GB to 
enter on the C run based on its memory of which GB it had 
entered on the preceeding I run. Data were reported in 
blocks of twelve trials, each block representing two days of 
paired-run trials. I runs were counterbalanced between the 
two GBs according to a balanced, irregular schedule. 

Some animals developed position habits in the T-maze, 
choosing the same GB on each C run regardless of the GB 
exposed on the I run. Formation of a position habit was 
defined as twelve consecutive responses to the same GB; 
any animal responding to the same GB for 36 consecutive C 
runs was allowed to enter the correct GB following the error 
response, beginning with the 37th trial. 


RESULTS AND DISCUSSION 


No appreciable differences were found between CC/DI 
and RO/DI rats or between CC/NO and RO/NO rats on run- 
ning speed during adaptation runs. Most animals were run- 
ning the maze with alacrity by the third day of one-door runs. 
The relatively quick adaptation to the T-maze, as opposed to 
the straight runway, may have been partially due to prior 
experience in testing situations. 

Results of the delayed non-match to sample test are illus- 
trated for DI rats in Fig. 5A. There was a significant effect of 
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FIG. 5. Performance of Brattleboro DI (panel A) and Long-Evans 
(panel B) rats on the non-match to sample task. Each block of trials 
represents two consecutive days of six trials per day. Over five 
blocks of testing, CC/DI rats performed significantly better than 
RO/DI rats (p<0.05). CC/NO rats performed worse than RO/DI rats 
(p<0.01), but this effect may have been carried by a poor perform- 
ance of the task by CC/NO rats over the first block of testing. Error 
bars represent S.E.M. 


colony on choice accuracy for the DI groups, F(1,17)=13.10, 
p<0.005, indicating that over the five blocks of twelve trials 
each CC/DI rats performed significantly worse than RO/DI 
rats. There was no colony by block interaction, 
F(4,68)= 1.71, p=0.15. Post-hoc analysis revealed significant 
differences between colonies on blocks one to three (p<0.05, 
Newman-Keuls). 

Analysis of the errors committed by CC/DI rats indicated 
that these rats tend to exhibit position habits, operationally 
defined here as a minimum of twelve consecutive trials on 
which the animal chose the same arm of the T-maze on the C 
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run. In the CC/DI group, five of nine rats developed position 
habits, affording them scores of 50% correct. It must be re- 
membered that a position habit would result in reward on 
75% of all runs on sessions (all I runs and half of the C runs). 
No RO/DI rats exhibited position habits in the T-maze. 
While all DI animals performed better than chance by block 
five (10 to 12 correct, p<0.05 by binomial expansion), it 
should be noted that a few of the CC/DI rats had to have 
position habits broken by the experimenter, accomplished 
by allowing animals to enter the correct GB after non-reward 
in the incorrect GB. 

Normal rats as a group performed the representational 
memory task at better-than-chance levels by the second 
block of twelve trials (Fig. 5B). There was a significant effect 
of colony on choice accuracy, F(1,15)=17.28, p<0.001 anda 
significant colony by block interaction, F(4,60)=5.18, 
p<0.005, indicating that RO/NO rats performed better over 
all blocks and that their performance improved faster than 
that of CC/NO rats over the course of testing. Post-hoc 
analysis reveals that these effects are probably carried by the 
large and significant (p><0.05, Newman-Keuls test) differ- 
ence between colonies on the first block of trials, since no 
significant differences existed on blocks two through five. 

These data indicate that DI rats and NO rats from both 
colonies are able to utilize representational memory cues to 
solve a non-match to sample problem. The delayed acquisi- 
tion shown by the CC/DI group suggests that these rats may 
be somewhat impaired in dispositional memory, i.e., re- 
membering what to do when placed in the testing situation. 
This is presumably due to learning an easier position contin- 
gency which does not require using representational memory 
and which affords reward on 75% of all runs. Such position 
responding is observed in rats with septal lesions and in 
normal rats given long I run-C intervals [28]. The posi- 
tion habit probably occurs as a result of the difficulty of the 
task. That the CC/DI group, however, eventually acquires 
the ability to perform this task indicates that they are not 
totally deficient in either representational or dispositional 
memory. 

This study illustrates yet another instance of colony 
differences between samples of DI rats, this one in terms of 
an appetitively motivated behavior. RO/DI rats perform as 
well as normals from either colony in the T-maze while 
CC/DI rats appear inferior. It is thus apparent that impaired 
dispositional memory is not an invariable consequence of VP 
deficiency, and deficits in this behavior may be a conse- 
quence related to inheritance of relevant traits from the dif- 
fering gene pools of the CC/DI colony and the RO/DI col- 
ony. 


DISCUSSION 


The results of these experiments illustrate that there are 
significant differences between colonies of DI rats in terms 
of recovery of goal-approach to a food reinforcer after shock 
and in terms of performance of a task indicating dispositional 
memory. The data suggests that polygenic behavioral char- 
acteristics, independent of the DI gene, are being expressed 
in different colonies, with these polygenic factors being 
peculiar to the gene pool of each particular colony. It is 
apparent from these experiments that when examining the 
behavior of DI rats, it cannot be confidently determined 
whether any deviations from normal are the direct result of 
VP deficiency. 

The variation observed between NO colonies in adaption 
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to a novel runway represents a disturbing finding. These results 
suggest that it is erroneous to assume that the Long-Evans rat 
strain is a behaviorally homogeneous population. Simi- 
larly, a previous report has indicated that behavior (in terms 
of fearful reactions to novel environment) may vary between 
shipments of Long-Evans rats from the same supplier [30]. 
Clearly these observations indicate that samples of Long- 
Evans rats used in different experiments or laboratories may 
be starting out with fundamentally different behavioral pre- 
dispositions, possibly due to differences of temperament. 
Given the importance of temperamental factors in determining 
performance of learning tasks [35], such potential variability 
must be considered when examining learning and memory 
processes in the rat. 

While clearly these experiments indicate that it is likely 
that genetic factors may be responsible for inter-colony differ- 
ences, there are other potential explanations for our results. 
For instance, under some circumstances perinatal malnutri- 
tion [15,23] and prenatal stress [3] or hormonal manipula- 
tions [21] have been shown to result in altered performance 
of avoidance and/or increases in emotionality relative to con- 
trols. As DI rats possess hormonal imbalances secondary to 
VP deficiency [27] and appear to be somewhat deficient in 
their ability to provide adequate nutrition for suckling pups 
[9], it is possible that early influences on behavioral devel- 
opment may cause variability between the DI groups in our 
studies. However, one would have to assume that colonies 
differ in mothering ability or endocrine function to invoke 
this as an explanation for our results. Similarly, although it is 
generally agreed that perinatal manipulations can influence 
the behavior of offspring, the manner in which this happens 
varies substantially between studies and rarely affects per- 
formance accuracy in appetitively motivated maze tasks 
[3,23]. A recent report suggests that passive avoidance be- 
havior of DI rats varies with age, with older animals performing 
avoidance better than young animals as determined by post- 
shock retention latencies [15]. While age differences may 
potentially account for differences between previous studies 
[15], it does not appear relevant to our experiments, since 
animals were all adults of approximately equal age. Lastly, 
for logistic reasons CC/NO and CC/DI rats were housed in- 
dividually for a longer period (46 days) than RO/NO or 
RO/DI rats, introducing a difference between colonies in so- 
cial isolation. Differences in behavioral performance have 
been observed following varying periods of isolation [1,26], 
but those effects are greatest immediately following wean- 
ing, and are greatly diminished after 90 days of age [26]. All 
animals used in these experiments were over 180 days old. 
The essential cause of the behavioral effects of isolation ap- 
pears to be adrenocortical disturbances [19], resulting in 
hyperemotionality [1]. In Experiment | the protocol was 
explicitly designed to assess the temperament (emotionality) 
of our colonies using an open field emergence task. This was 
the only task where colony differences were not observed. 
Thus, it is not believed that social isolation is responsible for 
the behavioral differences observed between colonies. 

It is tempting to speculate that much of the conflicting 
data in the literature may be related to the behavioral charac- 
teristics of the colonies examined. We have demonstrated 
apparent behavioral deficits of different kinds in different DI 
colonies, and have previously observed putative variation 
between NO shipments from the same supplier [29]. There- 
fore, it appears possible that behavioral differences may 
occur between DI and NO rats which are not theoretically 
significant differences caused by lack of VP at all but are 
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characteristics of the respective gene pools sampled. Results 
may vary between laboratories because the animals used are 
not behaviorally equivalent from the outset. 

Interestingly, both DI groups possessed an intensified 
fearfulness when compared with either CC/NO and RO/NO 
rats, as measured by time to emerge into an open field. Few 
DI rats entered an open field at all over several days of 
testing. This fearfulness is apparently not similarly evoked 
by the runway and T-maze, as the CC/DI and RO/DI rats 
adapt to both apparatuses as well as RO/NO rats, and better 
than CC/NO rats in the case of the straight runway. There 
are three possible explanations for such observations. First, 
the DI groups may have habituated to the runway and/or 
T-maze environments sufficiently during GB placements to 
eliminate any differences in exaggerated fear of the testing 
situation. Second, the DI groups may be less motivated to 
explore than NO rats. Third, DI rats may be more motivated 
to eat than normal rats, with the presence of food-related 
cues overcoming inherent fearfulness. In that DI rats are 
consistently smaller and lighter than NO rats [4], and have 
less body fat [2], it may be possible that starvation to 85% ad 
lib weight may be a more powerful motivator for eating in DI 
than in NO rats. 

In all, differences observed between colonies occurred in 
situations involving procurement of an appetitive reinforcer. 
In the case of NO rats, differences occurred in acquisition of 
a goal-approach habit. In the case of DI rats, differences 
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were evident in recovery of goal-approach following shock 
and in acquisition of a delayed non-match to sample contin- 
gency. These results suggest that one possible explanation 
for the observed colony differences may be differential moti- 
vation in appetitive situations. 

The major outcome of these experiments stresses some 
limitations on using the Long-Evans derived DI rat, and its 
relevant NO control, in answering the question of what role 
VP plays in behavioral processes. To address this question 
more competently, we have begun to test a new strain of DI 
rat, the Roman High Avoidance DI rat (RHA/DI) (Herman, 
Sladek, Hansen and Gash, in review). The parent RHA nor- 
mal strain was developed by psychogenetic selection for 
superior performance of active avoidance [8]. The RHA/DI 
rat is congenic with the parent, inbred RHA normal strain, 
differing from it only by the gene(s) coding for VP defi- 
ciency. It is hoped that usage of this genetically specified DI 
strain, as well as an inbred normal control strain, will allow 
us to circumvent problems introduced by the present DI 
model system, and permit more unambigious determination 
of the true role VP deficiency plays in determining the behav- 
ior of DI rats. 
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SHIMODA, K., K. HANADA, N. YAMADA, K. TAKAHASHI AND S. TAKAHASHI. Periodic exposure to mother is 
potent zeitgeber of rat pups’ rhythm. PHYSIOL BEHAV 36(4) 723-730, 1986.—To study the possibility and potency of 
periodic maternal deprivation (PMD) in entraining the circadian rhythm of rat pups, access to the natural mother of which 
pups were optically enucleated on the day of birth (day 1) was restricted to either light phase (L-group) or dark phase 
(D-group) for various durations beginning on various days during the nursing period. Drinking rhythm of both groups was 
determined once per one or two weeks between the 4th and 8th postnatal week. The corticosterone rhythm was determined 
to confirm the results obtained by the measurement of water intake. Both rhythms were clearly observed by 5 weeks of age, 
and a reversed phase relationship was observed even when PMD was performed for a short period during days 1-4 or days 
15-21. On the other hand, no phase angle difference was observed between L- and D-groups, when pups were periodically 
exposed to their original mother either during days 1-2 or days 18-21. These facts indicate that periodic exposure to mother 
can set the phase of the blinded pups’ rhythm and that the period required for entrainment of the rhythm is as short as 4 or 7 
days in the early or late times during the nursing period respectively, showing the high potency of PMD in entraining the 


circadian rhythm of blinded pups. 
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IT has been well known that circadian clock mechanism is 
inborn nature [1,2] and that the oscillation of the clock starts 
during fetal stage or the early phase of infant age [5,22]. How- 
ever, the postnatal influence on the pups’ rhythm as an 
entrainer seems to be still a matter of debate. 

Takahashi et al. have demonstrated that the foster mother 
with a rhythm inverted to that of their natural mother (pup- 
mother exchange) could entrain the circadian rhythm in 
blinded pups optically enucleated on the day of birth [28, 29, 
30, 31]. This fact indicates that the mother per se can act 
postnatally as an entrainer for pups’ endogenous time keep- 
ing system. Moreover, Smith and Anderson suggested an 
important role of mother in developing the overt rhythm of 
the pups. They found that pups reared artificially and in 
isolation from maternal and sibling contact fail to develop 
clear nocturnal partitioning of motor activity compared to 
pups reared by mother [25]. 

On the contrary, Hiroshige et al. performed pup-mother 
exchange experiment in the same paradigm as Takahashi e/ 
al. did, reported a ‘‘scatter effect’’ of nursing mothers, and 
then concluded that nursing behaviors, including lactation by 
the foster mother, did not affect the phase angle of the under- 
lying oscillator for pups’ rhythm, but did modify transiently [6]. 

Other authors found the postnatal influence on the pups’ 
rhythm in different ways. Deguchi performed a pup-mother 
exchange experiment, using a circadian variation of a pineal 
N-acetyltransferase activity [4]. He reported that the pups’ 
phase was closer to that of the original mother when pups 
were reared by a foster mother with a rhythm inverted to that 
of the original mother. However, he found a 3-hr delay in the 
rhythmic phase of the pups compared to that of the original 


mother, suggesting that both the original mother and the fos- 
ter mother can affect the rhythmic pattern of pineal 
N-acetyltransferase activity in the pups. On the other hand, 
Reppert e7 al. reported a variable postnatal influence [21]. 
They found three types of responses to a foster mother under 
constant darkness when blinded pups were raised by the 
foster mother whose lighting cycle during pregnancy was 180 
degrees out of phase with that of the original mother. 

These controversial findings may partly be due to a low 
potency of the foster mother with a rhythm inverted to that 
of the natural mother as an entrainer, although admittedly 
there are strain or colony differences among animals used in 
each laboratory. To obtain more consistent results concern- 
ing the postnatal influence on the pups’ rhythm, the need is a 
paradigm which is thought to have more potent postnatal 
maternal influence in terms of periodicity. Such a paradigm 
is the periodic maternal deprivation (PMD), i.e., the restric- 
tion of access of the natural mother to their blinded pups 
during either the light or the dark phase. 

The light period is known to be the time for maternal 
nursing [14] and the litter pups gain in body weight, an indi- 
cator of the amount of milk ingested during the light period 
[15]. Accordingly, access of pups to mothers only in the light 
period (L-pups) is thought to be amplification of normal mat- 
ernal influences. In contrast, by allowing pups’ access to 
their original mother only in the dark period (D-pups), nurs- 
ing time is compelled to move to the dark period. PMD 
would be a more potent entrainer than the foster mother with 
a rhythm inverted to that of the natural mother, because 
pups subjected to PMD can have access to the natural 
mother only in half a day, while pups reared by a foster 
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mother can have access to their foster mother all day long. 

Thus, in this paper using PMD, which was performed for 
various durations initiated on various days during the nurs- 
ing period, the following questions were investigated; (1) 
Can the postnatal maternal influence shift the rhythm of 
pups? (2) Is such influence, if any, permanent or transient? 
(3) How potent is PMD compared to that of the foster mother 
as an entrainer? (4) Are there any differences in the influence 
on pups during the course of the development? 


METHOD 


Forty-eight Wistar Albino rats (male:16, female:32) were 
purchased from the Shizuoka Laboratory Animal Agricul- 
tural Association. Animals were kept grouped or housed 
singly in non-transparent plastic cages (40 25 x20 cm) which 
were placed in a cabinet containing 8 separated chambers. 
Each chamber was equipped with a fluorescent lamp and 
shielded to light from the outside. Conditions inside the 
chamber were kept constant: the temperature was 
25.5+0.5°C, and humidity was 50.0+0.5%. The rats were 
mated under 12-12 hr light-dark schedule (LD: light 0800- 
2000 hr, dark 2000-0800 hr) in this cabinet. Each pregnant rat 
was separately housed in a cage after pregnancy was evident 
by inspection, and had free access to food and water. 

On the day of birth (day 1), all pups were blinded by 
bilateral optical enucleation, and pups in each litter were 
divided into two groups (L- and D-group), and reared under 
the same lighting condition (LD). They were weaned at 3 
weeks of age (day 22) and thereafter kept under the constant 
light condition (LL) and fed chow and water ad lib. All 
mothers were left sighted. 

PMD was performed by transferring the natural mother 
between her L- and D-pups at 0800 and 2000 hr, starting at 
various stages of the nursing period as shown in Fig. 1. Fig- 
ure | illustrates the PMD schedules. Each filled bar repre- 
sents the time of PMD. Pups in the control group were 
allowed access to their natural mother in both light and dark 
periods throughout the nursing period. 

Individual pups were weighed at both the light-dark and 
dark-light transitions during the nursing period. 

Free-running patterns of blood corticosterone levels and 
water intake were examined for several consecutive weeks 
after weaning. Table 1 shows the schedule of investigation of 
drinking and corticosterone rhythms. 

For investigation of the water intake rhythm, each cage 
was divided by a partition board, so that 2 pups were kept 
separately in a cage. In order to examine the patterns of 
water intake in pups, 50 ml polycarbonate tubes with a 
mouthpiece were used. This mouthpiece (CL-2746-2: Nihon 
CLEA) has a ball valve inside so as to prevent water from 
dripping spontaneously. The tubes filled with water were 
weighed every 4 hr to determine the water intake repre- 
sented by the weight difference between the two consecutive 
measurements. 

For investigation of the corticosterone rhythm, pups were 
housed two or three per cage. In order to study the 24 or 48 
hr patterns of blood corticosterone levels in blinded rat pups, 
20 ul of blood was collected at 4 hr intervals via the tail tip 
incision method described by Takahashi et al. [27]. Particu- 
lar attention was paid not to disturb the remaining pups when 
a pup was removed from the cage for blood sampling, which 
was usually completed within 1 min. Blood samples were 
stored at —20°C in a freezer until assayed. 

The blood corticosterone content was determined by the 
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FIG. 1. Schematic presentation of schedule of periodic maternal 
deprivation (PMD) study. Each asterisk along the right edge of the 
figure represents effective PMD schedule. 


protein binding assay method of Murphy [18] with a minor 
modification. Briefly, | ml of ethanol was added to a small 
test tube containing the blood sample and agitated. After 
centrifugation, 400 ul of the supernatant was transferred to 
another test tube and evaporated to dryness by air. To each 
tube, | ml of corticosterone-binding globulin-isotope solu- 
tion consisted of 400 ul pooled plasma, 20 ul (1 wCi) 1, 2, 6, 
7-*H corticosterone (New England Nuclear Corp.) and distil- 
led water to a final volume of 100 ml. After agitation for a few 
seconds, the tubes were placed in a 37°C bath for 5 min with 
constant agitation and cooled in the ice-water bath for 5 min. 
Florisil (120 mg) was then added to each tube in order to 
separate unbound *H corticosterone. The tubes were agitated 
vigorously for 3 min in the ice water bath and kept there for 
another 20 min. After the Florisil settled, 400 ul of superna- 
tant was transferred to vials containing 5 ml of scintillator 
solution and radioactivity was counted with a liquid scintil- 
lation spectrometer (6881 Mark-III: Tracor Analytic). The 
concentration of corticosterone was read from the standard 
curve. The intra-assay variance was 8.9-10.1%, and the 
inter-assay variance was 18.5—21.1%. 

Group data of water intake and corticosterone rhythm (48 
hr) were analyzed by analysis of variance (ANOVA), paired 
t-test and Student’s f-test. Paired t-test was employed to 
show a significant difference between peak and trough val- 
ues during the 24 hr period. The circadian rhythm was as- 
sumed to be present when either variation over time 
(ANOVA) or the peak-trough difference (paired t-test) was 
significant and the lowest mean value on both days occurred 
at the same sampling time of day plus or minus 4 hr. In order 
to estimate individual acrophase, a least square spectrum 
analysis method was employed [23]. Differences in mean 
acrophase and body weight between the two groups were 
tested by Student’s f-test. 


RESULTS 


Table 2 shows an increase in body weight during the nurs- 
ing period in the blinded pups subjected to PMD from day 1 
to day 21. Pups of D 1-21 group were heavier than those of L 
1-21 group throughout almost the entire nursing period, al- 
though no significant difference between the two groups was 
observed at 2000 hr on day 21. 

Figures 2 and 3 represent the 48 hr patterns of water 
intake between 4 and 8 weeks of age in the blinded pups 
subjected to PMD and raised by their natural mothers under 
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TABLE 1 


SCHEDULE OF DETERMINATION OF BLOOD CORTICOSTERONE 
AND WATER INTAKE RHYTHMS 


TABLE 2 


INCREASE IN BODY WEIGHT (g) DURING THE NURSING PERIOD IN 
BLINDED PUPS SUBJECTED TO PMD FROM DAY | TO DAY 21 





Weeks after birth 


PMD 5 Weeks 6 Weeks 7 Weeks 


4 Weeks 8 Weeks 


0800 hr 2000 hr 
Age (days) . 15 





Control(L, 
D=6) 
1-21(L, 
D=6) 
1-10(L, 
D=6) 
1-5(L=6, 
D=5) 
1-4(L, 
D=6) 
1-2(L, 
D=6) 
11-21(L=S5, 
D=6) 
15-21(L, 
D=6) 
18-21(L, 
D=4) 





*: water intake, +: blood sampling. 


Numbers in parentheses represent the number of animals in each 
group. 


an LD lighting schedule. At 4 weeks of age, significant 


rhythmicity was observed in all experimental and control 
groups except the L 1-2 group, although the amplitude in all 
groups was very low. At 5, 6, 7 and 8 weeks of age, signifi- 
cant rhythmicity was also observed in all experimental and 
control groups and the amplitude of the variations increased 
as the weeks passed. The rhythm of L 1-21 group was in 
phase with the control group, while that of D 1-21 group was 
out of phase with L 1-21 group and the control group. That 
is, reversed phase relationship was observed between L 1-21 
and D 1-21 groups. A significant difference in phase angle 
between L- and D-groups was recognized in groups sub- 
jected to PMD during days 1-10, days 1-5, days 1-4, days 
11-21 or days 15-21. By contrast, PMD did not seem to 
affect the phase of pups’ rhythm when it was performed 
during days 1-2 or days 18-21. 

Figure 4 shows the phase shift patterns of the water intake 
rhythm of each group examined between 4 and 8 weeks of 
age. The phase relationships between L- and D-groups as 
mentioned above are obvious. Group mean difference in ac- 
rophase was statistically significant between L 1-21 and D 
1-21 groups at 4, 5 and 6 weeks of age, while it was not 
statistically significant between L 1-21 and control groups at 
4 weeks of age. Phase delays of 2-4 hr were observed over 
two weeks (from 4 to 6 weeks of age) in each group. When 
PMD was performed during days 1-2 or days 18-21, group 
mean difference of acrophase between L- and D-groups was 
not statistically significant at the time studied. Conse- 
quently, a statistically significant difference in group mean of 
acrophase was obtained when PMD was performed during 
days 1-21, days 1-10, days 1-5, days 1-4, days 11-21 or days 
15-21. These results are summarized in Fig. 1. 

Figure 5 shows the 48 hr patterns of mean blood cortico- 


L 1-21 Mean 9.36 


SE 0.37 


Mean 11.64 
SE 0.58 


D 1-21 


t-test ** 





Asterisks indicate significance levels of the difference in body 
weight (****: p<0.001, **: p<0.01, *: p<0.05). 
NS means no significance in the difference. 


sterone levels in the blinded rat pups subjected to PMD from 
day | to day 21. In the L 1-21 group, the time of day when 
the lowest mean value occurred varied by more than 4 hr at 4 
weeks of age, thus this group did not have a significant 
rhythm as defined by the criteria in the Method section. On 
the other hand, in the D 1-21 group, the rhythm was signifi- 
cant at the same week of age, although the amplitude was 
very low. At 5 and 6 weeks of age, however, both groups 
showed significant rhythms. The peak elevation was clearly 
observed around noon in D 1-21 group, while at around 0400 
hr in L 1-21 group. That is, D 1-21 group had a pattern of 
blood corticosterone rhythm that was almost inverted to that 
of the L 1-21 group. Figure 6 represents 24 hr patterns of 
mean blood corticosterone concentrations in the blinded rat 
pups subjected to PMD during days 1-2, days 1-4, days 
1-10, days 11-21, or days 18-21 as indicated in Table 1. L 
18-21 pups seem to be in phase with D 18-21 pups. Also in 
the same phase relationship was observed between L 1-2 
and D 1-2 groups. On the other hand, the phase angle of the 
corticosterone rhythm evidently differs between L- and 
D-groups in which PMD was done during days 1-4, days 
1-10, or days 11-21. These findings confirmed the results 
observed by investigation of water intake rhythm. 


DISCUSSION 


The present study clearly demonstrated that periodic ex- 
posure to the natural mother was able to set the phase of 
both drinking and corticosterone rhythms in blinded rat 
pups, indicating that postnatal maternal influence can shift 
the pups’ rhythm. And it was clear that PMD entrained the 
endogenous rhythm of pups because phase position of the 
rhythms consistently delayed. For setting the phase of the 
pups’ rhythm, PMD was not required throughout the entire 
nursing period, but even the short period of 4 days PMD 
during the early phase or 7 days PMD during the later phase 
of the nursing period was effective. These findings clearly 
showed high potency of PMD as an entrainer and difference 
of pups’ sensitivity to postnatal maternal influence in the 
course of the development. 

In D, L 1-21 pups, body weight was greater in D 1-21 
pups than those of L 1-21 pups almost throughout the nursing 
period. The fact that D 1-21 pups exceeded L 1-21 pups in 
body weight suggests that D pups rapidly obtained the pat- 
tern of dark period suckling which is reversed to the normal 
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FIG. 2. Two day patterns of water intake in blinded rat pups subjected to PMD. Each thick and thin bar 
represents the mean with SE of water intake determined every 4 hr in each pup group. Each asterisk 
indicates the acrophase of the rhythm. Numerals on the right edge of illustration represent the lighting 
condition of mother’s access period and time of PMD during the nursing period and age in weeks 
studied is shown on the upper edge. Significant difference over time analyzed by ANOVA are shown 
by blank circles (OOO: p<0.005, OO: p<0.01, O: p<0.05). Significant difference between the lowest 
and the highest mean each day tested by paired /-test are represented by filled circles (@@@: p<0.005, 
@@: p<0.01, @: p<0.05). Note the difference in acrophase between L- and D-groups. 


fashion. As difference in body weight was not observed at 
weaning, the reversed phase relationship between L- and 
D-pups was not due to the difference in nutritional condition 
between L and D-pups. 

There are two papers which report conflicting results 


about periodic maternal deprivation of natural mother. 
Hiroshige et al. reported that when blinded rat pups had 
access to their natural mother either only during the day or 
light period, there was essentially no effect on the phase of 
pups’ rhythm. They demonstrated that D-pups split up into 
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FIG. 3. Two day patterns of water intake in blinded rat pups subjected to PMD. Refer to the legend of 


Fig. 2 for more details. 


three types with respect to the phase of corticosterone 
rhythm at 4 weeks of age. However, they emphasized that 
this splitting phenomenon was only transient [7]. On the 
other hand, Miyabo ef al. demonstrated that the blinded 
pups subjected to PMD displayed a definite corticosterone 
rhythm which peaked at the time of milk suckling [17]. Our 
findings are in good agreement with that reported by Miyabo 
et al., but does not agree with results of Hiroshige et al. The 
discrepancy between the results might be due to some of 


colony difference, instability of corticosterone rhythm, 
difference in experimental conditions and so on. 

As is expected, PMD can act as a more potent entrainer 
for the pups’ endogenous rhythm than the foster mother with 
a rhythm inverted to that of the natural mother. When the 
pups were reared by the foster mother in the pup-mother 
exchange study, the critical period for the entrainment was 
between 4 and 10 days of age [24], while it was between 4 and 
15 days of age when pups were periodically exposed to the 
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FIG. 4. Phase shift patterns of acrophase of drinking rhythm in 
blinded rat pups subjected to PMD. Ordinate and abscissa show the 
acrophase in time of day and weeks after birth of pups, respectively. 
Numerals on the right edge of each chart identifies the lighting con- 
dition of mother-accessing period and periods of periodic mother 
deprivation. Statistical difference in acrophase between L- and 
D-groups tested by Student’s t-test are shown by filled triangles 
(AAAA: p<0.001, AAA: p<0.005, AA: p<0.01). NS means no 
statistical significance in the phase angle difference. 


mother. In other words, PMD for 7 days started on day 15 
(from day 15 to day 21) affected the phase angle of the pups’ 
rhythm, while pup-mother exchange after day 10 failed to 
entrain the rhythm of pups. This fact suggests that PMD is 
potent enough to entrain the pups’ rhythms, even in the lat- 
ter half of the nursing period when myelination progresses in 
their brain [16] and also indicates that the site (or sites) re- 
sponsible for the entrainment still remains sensitive to the 
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FIG. 5. Forty-eight hour patterns of blood corticosterone levels in 
blinded rat pups subjected to PMD from day 1 to day 21. Numerals 
on the upper edge of illustration identify weeks after birth. The 
patterns of blood corticosterone levels of L 1-21 and D 1-21 group are 
illustrated in the upper and lower rows of the figure, respectively. 
The time of day when pups had access to the mother are shown by 
the blank bars along abscissa. Each asterisk indicates the acrophase 
of the rhythm. Significant differences over time analyzed by 
ANOVA are represented by blank circles (OOO: p<0.005). Signifi- 
cant difference between the lowest and the highest mean each day 
were tested by paired f-test and are shown by filled circles (@@@: 
p<0.005). Note the difference in patterns of corticosterone rhythm 
between the two groups. 
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FIG. 6. Twenty-four hour patterns of blood corticosterone levels in 


blinded rat pups subjected to PMD. Refer to Table | to identify the 
week of age studied. 
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stimuli periodically given by the mother. On the other hand, 
during the early phase of the nursing period, exposure to 
PMD as short as 4 days entrained the pups’ rhythm. It seems 
that the site (or sites) responsible for the entrainment is more 
sensitive to PMD when the pups’ brain is still immature [16]. 
In recent years, Fuchs and Moore [5], and Reppert and 
Schwartz [22] showed the organization of circadian rhythm 
in suprachiasmatic nuclei (SCN) of the hypothalamus in new 
born rats or fetuses. The latter demonstrated that the en- 
vironmental lighting condition coordinated the timing of the 
SCN of the fetus through the maternal circadian system by 
using 2-deoxy-(''C)-glucose technique. Also, Honma et al. 
reported that the circadian oscillation underlying the rhythm 
of the corticosterone release in rats has entrained to the ma- 
ternal circadian system during fetal life [8]. Therefore, we 
interpret that D-pups which were entrained by their natural 
mother during fetal period were ‘‘reentrained’’ by PMD, 
consequently, they manifested a reversed rhythm to that of 
control pups which were allowed access to the natural 
mother all the time throughout the nursing period. 
Although which one of the maternal factors most respon- 
sible for the entrainment of the pups rhythm is unknown, 
several possible factors are conceivable. Suckling may 
possibly be one of the main factors to entrain the rhythm, as 
many reports have indicated that restricted feeding is a most 
potent entrainer for the endogenous circadian rhythms [10, 
11, 13, 19, 26]. However, Takahashi et a/. demonstrated that 
restricted feeding entrained the rhythm only transiently [28]. 
Moreover, Krieger ef al. reported that restricted feeding 
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entrained the rhythm of rats with SCN lesions [12]. Also 
Inouye demonstrated that restricted daily feeding did not 
entrain the circadian rhythm in multiple unit activity from 
the SCN in rats [9]. Together, these findings suggest that 
restriction of the feeding time did not affect the phase of 
endogenous circadian clock i.e., SCN. In our study, phase 
position of the rhythms consistently delayed was observed 
for 2-4 weeks, indicating the entrainment of the endogenous 
rhythm by PMD. Accordingly, it is hard to answer the ques- 
tion whether suckling is the main factor for the entrainment 
of the rhythm of infant rats. Another possibility is that some 
specific compounds in milk, the content of which varies 
periodically, act as an entrainer. For example, melatonin 
might be such a candidate. Repeated injections of melatonin 
at a given time of the day was reported to entrain the circa- 
dian rhythm in rats [20]. Periodicity of maternal behaviors 
such as holding the pups under her trunk, licking them, 
gathering them in one place, stimulating urination or defeca- 
tion by licking the anogenital regions of the pups and so on, 
are also possible factors which might entrain the pups’ 
rhythm. Studies concerning the possibilities as mentioned 
above are in progress in our laboratory. 


ACKNOWLEDGEMENTS 


The authors wish to express their thanks to Dr. Mary F. Dallman 
for her invaluable advice and suggestions for the editing of our 
manuscript. This study was partly supported by a Grant from the 
Ministry of Health and Welfare of Japan. 


REFERENCES 


. Aschoff, J. and J. Meyer-Lohmann. Angeborene 24-Stunden- 
Periodik beim Kiicken. Pflugers Arch 260: 170-176, 1954. 

. Aschoff, J. Tagesperiodik beim Mausestammen unter konstan- 
ten Umgebungsbedingungen. Pflugers Arch 262: 51-59, 1955. 

. Boulos, B., A. M. Rosenwasser and M. Terman. Feeding 
schedules and the circadian organization of behavior in the rat. 
Behav Brain Res 1: 39-65, 1980. 

. Deguchi, T. Ontogenesis of a biological clock for serotonin: 
acetyl coenzyme A N-acetyltransferase in pineal gland of rat. 
Proc Natl Acad Sci USA 72: 2814-2818, 1975. 

. Fuchs, J. L. and R. Y. Moore. Development of circadian 
rhythmicity and light responsiveness in the rat suprachiasmatic 
nucleus: A study using 2-(1-"“C) glucose method. Proc Natl 
Acad Sci USA 77: 1204-1208, 1980. 

. Hiroshige, T., K. Honma and K. Watanabe. Possible zeitgebers 
for external entrainment of the circadian rhythm of plasma cor- 
ticosterone in blind infant rats. J Physiol 325: 507-519, 1982. 

. Hiroshige, T., K. Honma and K. Watanabe. Prenatal onset and 
maternal modifications of the circadian rhythm of plasma corti- 
costerone in blinded infantile rats. J Physiol 325: 521-531, 1982. 

. Honma, S., K. Honma, T. Shirakawa and T. Hiroshige. Mater- 
nal phase setting of fetal circadian oscillation underlying the 
plasma corticosterone rhythm in rats. Endocrinology 114: 
1791-1796, 1984. 

. Inouye, S. T. Restricted daily feeding does not entrain circadian 
rhythms of the suprachiasmatic nucleus in the rat. Brain Res 
232: 194-199, 1982. 

. Johnson, J. T. and S. Levine. Influence of water deprivation on 
adrenocortical rhythms. Neuroendocrinology Ul: 268-273, 1973. 

. Krieger, D. T. Food and water restriction shifts corticosterone, 
temperature, activity and brain amine periodicity. Endocrinology 
95: 1195-1201, 1974. 

. Krieger, D. T., H. Hauser and L. C. Krey. Suprachiasmatic 
nuclear lesions do not abolish shifted circadian adrenal and 
temperature rhythmicity. Science 197: 398-399, 1977. 


. Krieger, D. T. Rhythms in CRF, ACTH and corticosteroids. In: 
Endocrine Rhythms, edited by D. T. Krieger. New York: Raven 
Press, 1979, pp. 123-142. 

. Lee, M. H. S. and D. I. Williams. A longitudinal interaction in 
the rats: The effects of infantile stimulation, diurnal rhythms, 
and pup maturation. Behaviour 63: 241-261, 1977. 

. Levine, R. and J. M. Stern. Maternal influences on ontogeny of 
suckling and feeding rhythm in rats. J Comp Physiol Psychol 89: 
711-721, 1975. 

. MaclIlwain, H. and H. S. Bachelard. Chemical and enzymic 
make-up of the brain during the development. In: Biochemistry 
and the Central Nervous System, 4th edition. London: 
Churchill, 1971, pp. 406-444. 

. Miyabo, S., K. Yanagisawa, E. Ooya, T. Hisada and S. 
Kishida. Ontogeny of circadian rhythm in female rats: Effects of 
periodic maternal deprivation and food restriction. Endocrinol- 
ogy 106: 636-642, 1980. 

. Murphy, B. E. P. Some studies of protein-binding of steroids 
and their application to routine micro and ultramicro measure- 
ment of various steroids in body fluids by competitive protein 
binding radioassay. J Clin Endocrinol Metab 27: 973-990, 1967. 

. Nelson, W., L. Scheving and F. Halberg. Circadian rhythms in 
mice fed a single daily meal at different stages of lighting regi- 
men. J Nutr 105: 171-184, 1975. 

. Redman, J., S. Armstrong and K. T. Ng. Free running activity 
rhythms in the rat: Entrainment by melatonin. Science 219: 
1089-1091, 1983. 

. Reppert, S. M., R. J. Coleman, H. W. Heath and J. R. Swed- 
low. Pineal N-acetyltransferase activity in 10-day-old rats: A 
paradigm for studying the developing circadian system. Endo- 
crinology 115: 918-925, 1984. 

. Reppert, S. M. and W. J. Schwartz. Maternal coordination of 
fetal t.ological clock in utero. Science 220: 969-971, 1983. 





730 


23. Sasaki, T., Analysis of cyclicity. In: Chronobiology (in 
Japanese), edited by T. Sasaki and Y. Chiba. Tokyo: Asakura 
Shoten, 1978, pp. 312-332. 

24. Sasaki, Y., N. Murakami and K. Takahashi. Critical period for 
the entrainment of the circadian rhythm in blinded pups by 
dams. Physiol Behav 33: 105-109, 1984. 

25. Smith, G. K. and V. Anderson. Effects of maternal isolation on 
the development of activity rhythms in infant rats. Physiol 
Behav 33: 751-756, 1984. 

26. Sulzman, F. G., C. A. Fuller and M. C. Moore-Ede. Feeding 
time synchronizes primate circadian rhythms. Physiol Behav 18: 
775-779, 1977. 

. Takahashi, K., K. Hanada, K. Kobayashi, C. Hayafuji, S. 
Otani and Y. Takahashi. Development of circadian rhythm in 
rats: studied by determination of 24- and 48-hour patterns of 
blood corticosterone levels in individual pups. Endocrinology 
104: 954-961, 1979. 


SHIMODA ET AL. 


. Takahashi, K., K. Hanada and Y. Takahashi. Factors setting 


the phase of adrenocortical rhythm in rats. In: Biological 
Rhythms and Their Central Mechanism, edited by M. Suda, O. 
Hayashi and H. Nakagawa. Amsterdam: Elsevier/North- 
Holland, 1979, pp. 233-245. 


. Takahashi, K., C. Hayafuji and N. Murakami. Foster mother 


rat entrains circadian rhythm in blinded rat pups. Am J Physiol 
243: (Endocrinol Metab 6:) E443-E449, 1982. 


. Takahashi, K. and T. Deguchi. Entrainment of the circadian 


rhythms of blinded infant rats by nursing mothers. Physiol 
Behav 31: 373-378. 1983. 


. Takahashi, K., N. Murakami, C. Hayafuji and Y. Sasaki. 


Further evidence that circadian rhythm of blinded rat pups is 
entrained by the nursing dams. Am J Physiol 246: (Regulatory 
Integrative Comp Physiol 15:) R359-363, 1984. 





Physiology & Behavior, Vol. 36, pp. 731-736. Copyright © Pergamon Press Ltd., 1986. Printed in the U.S.A. 


003 1-9384/86 $3.00 + .00 


Some Parameters of Conditioned 
Immunosuppression: Species Difference 
and CS-US Delay 


D. F. McCOY, THOMAS L. ROSZMAN, JAMES S. MILLER, 
KIMBERLY S. KELLY AND MICHAEL J. TITUS 


Department of Psychology, University of Kentucky, Lexington, KY 40506 


Received 29 April 1985 


McCOY, D. F., T. L. ROSZMAN, J. S. MILLER, K. S. KELLY AND M. J. TITUS. Some parameters of conditioned 
immunosuppression: Species difference and CS-US delay. PHYSIOL BEHAV 36(4) 731-736, 1986.—Three experiments 
were conducted in which an illness-inducing immunosuppressant, cyclophosphamide (an unconditioned stimulus, US) was 
associated with a previously presented saccharine solution conditioned stimulus (CS). In each experiment, reexposure to 
the CS produced a conditioned suppression of the plaque-forming-cell response in the experimental groups. Experiment I 
demonstrated this result with Fisher 344 rats. Experiment II replicated the effect with Balb/c mice. In Experiment III 
conditioned immunosuppression was demonstrated when mice received CS-US delays as long as 6 hours. No evidence of a 
delay gradient was present in either the behavioral or the immunologic data. These parallel findings offer no support for the 
idea of a dissociation between the taste aversion and conditioned immunosuppression processes. 
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THERE have been reports in the Eastern European and 
Russian literature suggesting that immune responses can be 
behaviorally conditioned via Pavlovian procedures [3]. 
However, these reports are quite sketchy and of questiona- 
ble methodological adequacy. Perhaps the clearest demon- 
stration of conditioned immunosuppression in the American 
literature has been provided by Ader and Cohen [1]. In this 
experiment, a taste aversion (TA) was conditioned in rats by 
pairing a saccharine solution with cyclophosphamide (CY), 
an illness-inducing, immunosuppressive agent. Three days 
later all animals were injected with an antigen (sheep red 
blood cells, SRBC) and reexposed to saccharine or water. In 
addition to measuring drinking behavior, these investigators 
measured serum antibody titers 6 days after antigen injec- 
tion. The most important finding in this experiment was that 
conditioned animals which were exposed to saccharine after 
the antigen injection not only acquired the usual TA, but 
were also significantly immunosuppressed relative to 
controls. 

The conditioned immunosuppression phenomenon has 
been replicated when the TA paradigm has been applied to 
rat subjects (e.g., [15]). An experiment where TA was used 
with another species (the mouse) has also been reported [4]. 
In that study the development of autoimmune disease was 
retarded by presenting a saccharine CS which had been pre- 
viously associated with an immunosuppressive US. How- 
ever, because no behavioral (drinking) data were reported, 
and because the CS values employed may have been of 
marginal saliency for the mouse, it is difficult to know 
whether TA actually developed. 

Most of the conditioned immunosuppression literature 
has been demonstrational in nature, and little attention has 


been directed towards the generality of the process of im- 
munological conditioning. Perhaps the exception to this 
trend is a study reported by Boveberg, Ader and Cohen [5] 
which examined extinction of conditioned suppression of a 
graft-vs.-host response (GVHR) in rats. Using saccharine as 
a CS and CY as a US they were able to demonstrate a pro- 
gressive increase of potliteal node weight as a function of the 
number of extinction (i.e., CS only) trials. Unfortunately, 
the behavioral drinking data were not as systematic: animals 
given 4, 9, or 18 extinction trials all showed reduced aversion 
to the CS relative to those given no extinction trials, how- 
ever there was no progressive decrement in the strength of 
the conditioned TA as the number of extinction trials in- 
creased. The authors concluded that this behavior- 
immunology difference represents a dissociation between 
these two processes. 

Before concluding that conditioned immunosuppression 
and TA are dissociated, additional behavioral manipulations 
seem warranted. One of the objectives of the present re- 
search was to examine within the context of conditioned 
immunosuppression one of the hallmarks of the TA phenom- 
enon, long delay learning. In addition, we wanted to demon- 
strate conditioned immunosuppression in both the rat and 
mouse. Finally, the immunological measures presently em- 
ployed enabled us to explore immunosuppression at the cel- 
lular, rather than at the serum level used in most previous 
reports. 


EXPERIMENT I 


This first experiment was an attempt to replicate the basic 
findings of the original Ader and Cohen experiment [1]. 
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FIG. 1. Mean fluid intake for three groups of Fischer 344 rats during 
TA conditioning and testing. C=conditioned group, U=uncon- 
ditioned group, P=placebo group. 


Rather than recording serum antibody titers, which involves 
a relative measurement, the present experiment measured 
splenic plaque forming cells (PFC). The PFC assay offers the 
advantage of quantifying the absolute number of antibody 
producing cells in the spleen, which is the major lymphoid 
organ synthesising antibody after intraperitoneal immuniza- 
tion. 


Subjects and Apparatus 


Thirty-five Fischer 344 female rats were housed individ- 
ually with food freely available. In order to gradually intro- 
duce the animals to the water deprivation schedule, they 
were given one hr access to water on the first day, and 30 


min access on the following day. On the next three days 
(days 1-3) a preconditioning water consumption baseline 
was established during which water was available for 15 min 
per day. At this time, and for the remainder of the experi- 
ment, fluid intake was measured (in ml) in calibrated burettes. 


Procedure 


After the three-day (15 min) drinking baselines were es- 
tablished, the animals were assigned to one of four groups 
and given conditioning treatments on day 4. Group C (N= 10) 
received a 15-min exposure to a 0.15% saccharine solution, 
followed 30 min later by an IP injection of CY (50 mg/kg) ina 
volume of 1.5 mi/kg. Group U (N=10) was treated similarly 
at this point but was to receive a different test treatment. 
Group P (N=10) received the saccharine solution to drink, 
but was injected with only saline. Group R (N=5) drank 
water followed by a CY injection. This group was included to 
measure the amount of immunologic recovery between con- 
ditioning and test. All animals were continued on the water 
deprivation schedule for the next three days. On day 7 (three 
days after conditioning) all were injected (IP) with a suspen- 
sion containing 5x 10° of twice washed sheep red blood cells 
(SRBC) in 0.5 ml phosphate buffered saline. Thirty minutes 
later, drinking tests were given: Groups C and P were reex- 
posed to the saccharine solution for 15 min. Groups U and R 
received only water at this time. Finally, 30 min later Group 
U received another 50 mg/kg injection of CY in order to 
establish the unconditioned effects of this agent. This ma- 
nipulation allowed us to compare the strength of conditioned 
versus unconditioned immunosuppression. All other groups 
received saline injections at this time. Six days later (day 13), 
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FIG. 2. PFC suppression (+S.E.M.) produced by exposure to the 
CS (Group C) or the US (Group U) on test day. Control Groups P 
(placebo) and R (residual) were not conditioned. 


all animals were sacrificed and the spleens were removed in 
order to quantify the number of antibody-forming cells. The 
removed spleens were teased into a dispersed cell suspen- 
sion in an RPMI-1640 medium (Grand Island Biol. Co., 
Grand Island, NY) and washed twice. The number of nu- 
cleated spleen cells was determined by counting them in a 
hemocytometer. They were then adjusted to a concentration 
of 5x 10° cells/ml in a RPMI-1640 medium. The number of 
direct (Igm) antibody-forming cells was determined using a 
modification of the Cunningham PFC assay [7]. The results 
are expressed as the number of direc: PFC/10° nucleated 
spleen cells. 


RESULTS AND DISCUSSION 


The drinking data for three of the groups over the course 
of the experiment appear in Fig. 1. The data for Group R are 
not included since they drank only water throughout the ex- 
periment. Importantly, Group C showed a significant de- 
crease in consumption on the test day relative to Group P, 
F(1,18)=63.91, p<0.01. A ¢ test for related measures sup- 
ported the impression that for Group C, the drinking sup- 
pression on the test day was significantly greater than on the 
conditioning day, 1(9)=7.61, p<0.01. 

The immunological data appear in Fig. 2. Since several 
pairwise comparisons were planned, Dunn’s tests were 
applied to each of these comparisons in order to minimize 
the likelihood of Type I errors. The PFC response of Group 
C was significantly lower than that of Group P, 1(18)=11.44, 
p<0.01. Also, Group R was suppressed below Group P, 
t(13)=4.74, p<0.01, indicating that at the time of testing, 
immunological recovery from the original CY exposure was 
not complete. Nevertheless, this incomplete immunological 
recovery was not responsible for the immunosuppressive ef- 
fect present in the conditioned group, since Group C was 
also significantly immunosuppressed relative to Group R, 
1(13)=7.06, p<0.01. The magnitude of this conditioned sup- 
pression was such that it was similar to the unconditioned 
suppression because Groups C and U did not differ. 

It might be assumed that Group R would have been a 
better control if it had been provided with saccharine at the 
time of testing. This was not done because it has been shown 
that this manipulation has no immunological effect [1]. Also, 
it is possible that in the absence of conditioning, illness in- 
duced by a US might be expected to sensitize animals to 
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FIG. 3. Mean fluid intake for three groups of Balb/c mice during TA 
conditioning and testing. C=conditioned group, U=unconditioned 
group, P=placebo group. 


subsequent novel stimuli. However, these illness-induced 
neophobic effects are transitory and do not occur unless the 
conditioning-test interval is relatively short, i.e., less than 
one day [6]. In the present experiment this interval was three 
days. 

Additionally, it will be recognized that the conditioned 
animals received only saccharine at the time of antigen in- 
jection. Due to their prior conditioning, they consumed very 
little of this substance. Therefore, it might be assumed that 
the decreased PFC response of these animals resulted from 
administering antigen to these dehydrated (and therefore al- 
ready ‘‘stressed’’) animals. However, Ader and Cohen [3] 
have clearly shown that the conditioned immunosuppression 
phenomenon is not simply an artifact of administering 
antigen to dehydrated animals, since conditioned nondehy- 
drated animals (i.e., those given a two-bottle test) are also 
immunosuppressed. 

Taken together, the data from Experiment I demonstrate 
conditioned immunosuppression at the cellular level, and 
replicate the essential aspects of Ader and Cohen study [1]. 
With the PFC measure, the conditioning effect appears to be 
at-least as robust as that obtained with serum antibody as the 
dependent variable. At this point, it became of interest to 
examine this relation in another species. Experiment II deals 
with this issue. 


EXPERIMENT II 


It is a commonly accepted fact that the mouse is a better 
immunological model than the rat because our knowledge of 
its immune system and genetics is much more advanced. For 
example, the SRBC response of the Balb/c mouse is more 
reliable than that of Fischer 344 rat used in Experiment I [1 1}. 

The decision to examine conditioned immunosuppression 
in the mouse involves certain compromises, however, 
mainly at the behavioral level. Since the mouse drinks con- 
siderably less than the rat, one must be concerned about 
possible ‘‘floor effects’’ when evaluating drinking suppres- 
sion in the TA paradigm. Moreover, there is a paucity of 
literature on TA learning in mice, and it became clear on the 
basis of some pilot work that CS and US values had to be 
adjusted. Our early studies revealed that Balb/c mice did not 
show pronounced neophobia (an index of novelty) with sac- 
charine concentrations less than 0.7%. The CY dosage was 
also adjusted to a level which has been shown to have strong 
immunosuppressive effects in mice [3]. 





FIG. 4. PFC suppression (+S.E.M.) produced by exposure to the 
CS (Group C) or the US (Group VU) on test day. Control Groups P 
(placebo) and R (residual) were not conditioned. 


METHOD 
Subjects and Apparatus 


Thirty-two Balb/c female mice approximately 75 days old 
were housed individually with food freely available. They 
were placed on a 23°/s hour drinking cycle for four days prior 
to conditioning. Water was delivered in individual glass 
pipettes calibrated in 0.1 ml. 


Procedure 


Except for an adjustment in the duration of the recovery 
phase, the basic conditioning and testing procedures were 
identical to those of Experiment I. On day 5 conditioning 
treatments were administered. Group C (N=8) received a 
15-min exposure to a 0.7% saccharine solution followed 30 
min later by an IP injection of CY (250 mg/kg in a saline 
volume of 0.5 ml). Group U (N=8) received the same condi- 
tioning treatment. Group P (N=8) received the saccharine 
CS, but was injected 30 min later with saline. Group R (N=8) 
was given water to drink, but was injected with a dose of CY 
identical to that received by the other groups. All animals 
were then continued on the water deprivation schedule for 
the next 11 days. On day 17 (12 days following conditioning), 
all animals were injected IP with SRBC (5x 10° in 0.5 ml of 
phosphate buffered saline). They then received drinking 
tests: Groups C and P were reexposed to the saccharine CS 
while Groups U and R drank water. Thirty minutes later, 
Group U was given a second injection of CY in order to 
assess the unconditioned immunosuppressive effects of this 
agent. All other groups received saline injections at this time. 
All animals were then maintained on the water deprivation 
schedule for the next five days, at which time they were 
sacrificed for immunological assays. The procedure for ob- 
taining spleen cells and for determining the number of 
antibody-forming cells was the same as that described in 
Experiment I. 


RESULTS AND DISCUSSION 


Figure 3 shows the fluid consumption of the three main 
groups over the course of conditioning and testing. Again, 
the data from Group R are omitted since they drank only 
water. The most important aspect of the data in Fig. 3 is that 
Group C drank significantly less than Group P on the test 
day, F(1,14)=70.70, p<0.01, thereby demonstrating the TA 
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FIG. 5. Mean fluid intake for mice conditioned with a CS-US delay 
of 30 min (C 30), 3 hours (C 180), or 6 hours (C 360). P=placebo 
group and U=unconditioned group. 


phenomenon. Drinking suppression for Group C was also 
greater on the test day than on the conditioning day, 
t(7)= 12.11, p<0.01. 

The PFC data appear in Fig. 4. As in Experiment I, 
Dunn’s tests were applied to all planned comparisons in 
order to control for Type I errors. The most important find- 
ing was that Group C was significantly immunosuppressed 
relative to Group R, 1(14)=2.85, p<0.05. This result, coupled 
with the fact that Groups P and R did not differ, indicated 
that the immunosuppression of Group C relative to Group P, 
1(14)=3.23, p<0.01, is a true conditioning phenomenon 
rather than an artifact of incomplete recovery from the origi- 
nal US exposure. However, this conditioned PFC suppres- 
sion was not as strong as the unconditioned suppression, 
because Groups C and U also differed significantly, 
t(14)=6.27, p<0.01. It will be recalled that in Experiment I 
the conditioned and unconditioned immunosuppressive ef- 
fects were about equal. The difference in the relative mag- 
nitude of these effects may lie in the longer recovery period 
employed in the present experiment, a conclusion substan- 
tiated by the above-mentioned lack of a Group P vs. a Group 
R difference. 

Having established the basic conditioned immunosup- 
pression effect within the context of the TA paradigm in 
mice, we were now prepared to explore the response of the 
immune system to some of the more interesting behavioral 
manipulations. Experiment III deals with one of these ma- 
nipulations. 


EXPERIMENT III 


From a behavioral standpoint, the two most impressive 
aspects of TA learning are that strong conditioned responses 
can be established with a single CS-US pairing, and that they 
can be produced even when the CS and US are separated by 
long periods of time. Experiments I and II established that in 
two species, conditioned immunosuppression results from 
the former manipulation. The present experiment examines 
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FIG. 6. PFC suppression (+S.E.M.) from CS-US delays of 30 min 
(C 30), 3 hours (C 180), or 6 hours (C 360). Group U (unconditioned) 
received the US on test day. Control Groups P (placebo) and R 
(residual) were not conditioned. 


the effect of long CS-US delays on the conditioned im- 
munosuppression phenomenon. 


METHOD 
Subjects and Apparatus 


Sixty Balb/c female mice approximately 75 days old were 
maintained individually on a 23/4 hr drinking schedule, with 
food freely available. Water was delivered in glass pipettes 
calibrated in 0.1 ml. 


Procedure 


The basic design of this experiment was the same as in the 
earlier experiments with the addition of two CS-US delay 
groups, Cj), Cygo. All animals were maintained on a 5-day 
baseline water deprivation schedule prior to receiving exper- 
imental treatments. On day 6 conditioning treatments were 
administered. Groups C3», Cis, Caso, P and U received a 15 
min exposure to a 0.7% saccharine solution. Group R re- 
ceived only water. Thirty minutes later, Groups C,,, R and U 
received a 250 mg/kg injection of CY. Group P was injected 
with saline at this time. Groups Cj.) and Cs, received their 
CY injections 3 and 6 hours later, respectively. All animals 
were continued on the water deprivation cycle for the next 
11 days. On day 18 (12 days after conditioning), all subjects 
were injected with antigen and reexposed to the CS (or water 
in the case of Groups U and R). Thirty minutes later Group 
U received a second injection of CY. All other animals re- 
ceived only saline at this time. Five days later all animals 
were sacrificed and immunological assays performed as be- 
fore. 


RESULTS AND DISCUSSION 


Four animals died during the course of the experiment, 
two from Group P and two from Group U. In addition, one 
animal was dropped from Group C,, because of a questiona- 
ble injection of CY on the conditioning day. Our suspicion of 
an ineffective injection was confirmed by the fact that this 
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animal showed no TA and a PFC response which was com- 
parable to that of the nontreated controls. 

The fluid consumption data over the course of the exper- 
iment appear in Fig. 5. For each conditioned group, the 
amount of saccharine consumed on day 18 was significantly 
less than that present during the original exposure to the CS 
on conditioning day (p<0.01 in all cases). ANOVAs applied 
to the drinking scores on test day (day 18) indicated that 
there was no significant difference in the amount of drinking 
suppression among the delay groups. However, according to 
Dunn’s test there was a significant difference between the 
conditioned groups combined and Group P, 1(35)=4.44, 
p<0.01. 

The immunological data are presented in Fig. 6. An 
ANOVA applied to the PFC data of the conditioned groups 
indicated that despite an apparent trend in the expected 
direction by Group 3, the delay treatment was not signifi- 
cant. Since the conditioned groups did not differ in terms of 
the PFC response their data were subsequently combined in 
order to test for the presence of immunoconditioning per se. 
Using the same rationale for the control of Type I errors as in 
the previous experiments, Dunn’s tests were applied to all 
pairwise comparisons. The difference between the overall 
mean of the conditioned groups and Group R was found to be 
significant, 1(37)=3.21, p<0.01. The difference between 
combined conditioned groups and Group P was also signifi- 
cant, 1(35)=2.84, p<0.01. Inasmuch as there was essentially 
no difference between Groups P and R, it can be concluded 
that the PFC of the conditioned groups was not a result of 
incomplete recovery from the original CY injection. As 
might be expected from an examination of Fig. 6, the differ- 
ence between the conditioned and unconditioned im- 
munosuppressive effects (i.e., the combined conditioned 
groups vs. Group U) was also significant, 1(35)=4.62, 
p<0.01. 


GENERAL DISCUSSION 


The present experiments replicate and extend the con- 
ditioned immunosuppression phenomenon first reported by 
Ader and Cohen [1]. They also demonstrate the phenomenon 
at the cellular level in two species. It should be noted, how- 
ever, that cellular responses have been measured in other 
contexts (e.g., [8]). 

There are some aspects of the data which require special 
consideration, however. Experiment I with rats showed 
conditioned immunosuppression which was about as strong 
as unconditioned immunosuppression. On the other hand, 
Experiments II and III with mice produced weaker con- 
ditioned immunosuppression relative to the unconditioned 
effects. This result cannot be considered a species differ- 
ence, however, because there were a number of other as- 
pects of the mice experiments which differed from Experi- 
ment I. The most notable difference is the longer recovery 
time used in Experiments II and III. As mentioned previ- 
ously, it was probably this factor which enabled Group R to 
recover to the level of Group P in these latter experiments. 
Our earlier pilot work indicated that this longer recovery 
time was necessary following the much higher doses of CY 
necessary to produce reliable immunosuppression in mice. 
Also, it will be recalled that the CS concentration was 
greater in Experiments II and III than in Experiment I. 
Again, this value was obtained from pilot work which failed 
to produce reliable neophobia in mice with lesser CS concen- 
trations. 

The present failure to find a delay gradient in both the 


735 


behavioral and immunological data of Experiment III is 
especially puzzling. A 6-hr delay is usually sufficient to at- 
tenuate the strength of conditioning when LiCl is used as the 
US (e.g., [13]). Perhaps the present failure to observe in- 
creased fluid consumption at long CS-US intervals is due to 
differences in the relative potency of CY or to its site of 
action as opposed to LiCl [12,14]. Further research is needed 
to clarify this issue. Regardless of the answer, however, 
these data offer no support for the notion of a dissociation 
between behavioral and immunological processes. 

The only hint of a dissociation appeared in the correla- 
tions between saccharine consumption and PFC suppression 
in the conditioned groups of Experiment III. The animals in 
Groups Co, Cigo, and Cag produced drinking-PFC correla- 
tions of 0.69, 0.31, and 0.25 respectively. This trend could be 
taken to reflect a decrease in degree of association between 
these two response systems with long CS-US delays. It 
should be noted, however, that correlational analyses may 
not be the best way to examine the possible dissociation 
between behavioral and immunologic systems. Low correla- 
tions may only reflect the fact that one of the measures is 
more sensitive to the experimental manipulation than the 
other. The weakness of correlational analyses is further evi- 
denced by the fact that in the present situation correlations 
differed widely between experiments for the same manipula- 
tion: For example, the drinking-PFC correlation for the 
conditioned group in Experiment II (which was identical to 
Group,, in Experiment III) was only 0.43. Therefore, it 
would appear that further experimental manipulations (e.g., 
blocking or overshadowing) rather than statistical ones might 
better address the issue of dissociation. 

In general, there appears to be increasing interest in, and 
evidence for, the idea that external factors may be associated 
with immunologic mediation. A recent review of these issues 
tends to focus upon relations between psychosocial factors 
as they may function in modulation of the human immune 
response [9]. The main thrust of this review is that of a 
psychological stress-induced decrement in immunocompe- 
tence. 

Our approach has been to examine what may be a primary 
psychosocial factor in immunomodulation—its behavioral 
conditionability. Specifically, our intent is to describe the 
conditioned immunosuppression phenomenon from a wide 
range of conditioning preparations in order to delineate 
clearly the behavioral parameters of the phenomenon. Ac- 
cordingly, we have not yet addressed the issue of what phys- 
iological mechanism might support this process because it 
would only constitute premature speculation: It is not yet 
clear how CY can interact with the CNS, or how the CNS 
affects alterations in immunologic activity. One possibility 
concerning the latter relationship, however, is that of stress 
induced elevations in corticosteroid levels, which may re- 
flexively attenuate immunologic reactivity. In this context, 
Ader and Cohen [3] have reported that other US agents (e.g., 
LiCl) which by virtue of their toxicity produce strong behav- 
ioral taste aversions (and, therefore, are probably stressful), 
do not result in conditioned immunosuppression [3]. How- 
ever, more recent evidence may question this conclusion 
[10]. Still other studies have discounted the role of adrenal 
involvement in the conditioned immunomodulation phenom- 
enon [2]. Future research which explores the associative and 
temporal parameters of this phenomenon in conjunction with 
additional cellular-based dependent variables should enable 
us to more clearly delineate the physiochemical basis for the 
modification links between the CNS and the immune system. 
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MEREDITH, M. Vomeronasal organ removal before sexual experience impairs male hamster mating behavior. PHYSIOL 
BEHAV 36(4) 737-743, 1986.—Removal of vomeronasal chemoreceptors before sexual experience in male hamsters re- 
sulted in complete failure to mate in some animals but removal of these receptors after sexual experience had no effect. 
Animals were tested for mating behavior with intact behaviorally receptive females and also with anesthetized males 
scented with vaginal fluid. The two tests produced essentially the same result. Histological analysis of the lesions and 
radioimmunoassay of androgen levels showed no group differences, other than vomeronasal organ removal, that could 
account for the results. The behavioral data suggest that the vomeronasal system may be concerned with the production of 


preprogrammed behavior. 
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THE vomeronasal organ and accessory olfactory system 
constitute a little known sensory system present in most te- 
trapod vertebrates except birds [24,37]. It is important in sex- 
ual behavior in several mammalian species, especially in ro- 
dents. For example, vomeronasal organ removal in female 
mice and rats eliminates the estrous cycle modulations [10, 
32, 33] caused by urinary chemosignals from other females 
and prevents the puberty acceleration [17,33], pregnancy 
block [10,16] and stimulus induced ovulation [11] which can 
be produced in appropriate circumstances by urinary 
chemosignals from males. In males, vomeronasal organ re- 
moval prevents the hormonal surges [38] and ultrasound call- 
ing [39] that are produced by exposure to female chemosig- 
nals and produces severe deficits in mating and aggressive 
behavior [3,10] (for review see [24]). In rodents the bilateral 
organs lie at the base of the nasal septum and open through a 
narrow duct into the nasal cavity approximately | mm caudal 
to the nostrils. The afferent nerves pass dorsocaudally under 
the nasal septal mucosa, and end in the accessory olfactory 
bulbs, at the postero-medial border of the main bulbs. 

In the hamster, removal of the olfactory bulbs eliminates 
mating behavior in males, whether sexually experienced or 
not [25]. Because bulbectomy removes both the main olfac- 
tory input (via the main olfactory bulb) and the input from 
the vomeronasal organs (via the accessory olfactory bulbs) 
either or both of these systems could be the important input 
for mating behavior. Destruction of the main olfactory recep- 
tors of the hamster, by intranasal infusion of zinc sulphate 
solution is sufficient to prevent correct odor responses in an 
instrumental response situation [30], or attraction of males to 
female odor [22,27]. The treatment is sufficient to eliminate 
food odor preference in 24 hr food-deprived animals 
(Meredith, unpublished) but does not affect male mating be- 
havior [22,30]. In several experiments [22,26] lesions of the 


vomeronasal system alone also produced no deficits in male 
hamster mating behavior but in other experiments [23, 31, 
36] such lesions of the vomeronasal system alone did result 
in deficits in male mating behavior. This report deals with the 
effect of previous sexual experience on behaviors mediated 
by this system and suggests an additional variable that may 
help to resolve discrepancies between earlier experiments. 

These experiments were prompted by a review of the 
importance of the vomeronasal system in mammalian repro- 
duction [24]. That review revealed that in almost all cases 
where the vomeronasal system had been shown to be essen- 
tial or of major importance, the animals tested had no expe- 
rience with the chemical stimuli involved. In most cases 
where either the olfactory or the vomeronasal input was suf- 
ficient to elicit a behavior, the animals had already had some 
experience with the stimuli involved. 

In the experiments reported here, male hamsters had their 
vomeronasal organs removed, either before any postweaning 
contact with females or after some sexual experience, and 
were then tested for mating behavior. The results are inter- 
preted as evidence that there is a transfer of competency for 
the maintenance of mating behavior from the vomeronasal to 
the olfactory system as a result of a relatively short experi- 
ence session. 


METHOD 


Male hamsters having no contact with females since wean- 
ing were obtained from Engle laboratories (Ela: ENG(SYR)) 
at 2 months of age and housed 4 to a cage in a common 
animal room that also contained females. Food and water 
were continuously available throughout the experiment ex- 
cept during the mating behavior tests and for 24 hr before the 
tests of olfactory capability (food tests). 
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Mating behavior was recorded in both of two standard 
tests, the estrous-female test and the scented male test. In 
the female test, the test male was habituated to a clean cage 
(422121 cm with clean bedding) for 1 min after which an 
intact behaviorally receptive female was introduced. Sniffing 
and investigation of the anogenital and other areas of the 
stimulus female together with mounts, intromissions and 
other components of mating behavior were scored for 5 min 
or until the male achieved 5 intromissions. In the scented 
male test the female was replaced by an anesthetized male 
whose anogenital area had been smeared with hamster vagi- 
nal fluid (HVF), freshly collected from a receptive female. 
The HVF was the only purely female cue present but the 
anesthetized male provided species-specific cues. In this 
situation the test male is attracted to the anogenital area of 
the stimulus animal, mounts and makes pelvic thrusts just as 
though the anesthetized male were a female [7]. If the 
anesthetized male is unscented, such behaviors are practi- 
cally negligable [27]. Sniffing and investigation, mounts and 
mounts with pelvic thrusts were scored for 5 min as in the 
female test. The HVF used for a scented male test was ex- 
pressed from the vagina of an intact receptive female by 
pressure on the perineum. The same female then served as a 
stimulus animal for a female test with a different male ap- 
proximately 10 min later. The collection procedure removes 
only some of the HVF, the amount of which greatly exceeds 
that necessary to produce a behavioral effect [19]. Each test 
was given twice to each animal in each phase of the experi- 
ment. Within each group, half of the animals were tested 
with females first and half were tested with males first. In 
this way, the order of tests was counterbalanced within 
groups of animals and was equivalent for each group. Two 
animals were tested simultaneously using 2 observers. In 3 
tests of inter-observer reliability (observers recorded data 
for the same animal independently but simultaneously), the 
calculated mean values for intromissions/min in the female 
test differed by no more than 5%. 

Four groups of 12 animals were tested as shown in Fig. 1. 
At the start of the experiment one group had their vom- 
eronasal organs removed surgically through the palate 
(VNX—see below). These animals had had no contact with 
females since weaning and were thus a vomeronasal-lesioned 
inexperienced (VN Xi) group. A second group of animals was 
given sham vomeronasal surgery (SHAM) and a third had no 
surgery (UNOPerated). A fourth group of animals (CON- 
TROL—Ci and Ce in Figs. 2 and 3), which also had no 
surgery, was tested after the completion of all tests for the 
other groups. The tests used and the method of giving expe- 
rience were the same as those used for other groups. The 
animals were tested both before and after experience to con- 
firm that experience is followed by increased performance in 
unoperated as well as in operated animals. 

In PHASE I of the main experiment, the performance of 
sham and intact groups was compared (Fig. 2 and 3; PHASE 
I). The sham group was then given a standard level of sexual 
experience. Each male was allowed to ejaculate 3 times, 
twice with one receptive female and once with another on 
the following day. All animals achieved these criteria within 
the first half hour in each session. During the tests and expe- 
rience sessions VNXi-group animals were placed with un- 
familiar males for an equivalent length of time to control for 
handling and social interactions. Following the experience 
session, the animals, which had initially undergone sham 
surgery, had their vomeronasal organs _ surgically 
removed—and became an experienced vomeronasal le- 
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sioned (VNXe) group (Fig. 1). All animals were tested for 
food odor preference [20], when 24 hr food deprived, at 3-7 
days after VNX and before their first postoperative mating 
test (which occurred at a minumum of 7 days after VNX). All 
showed a clear preference, indicating olfactory capability 
had not been eliminated by the VNX surgery. 

In the major comparison of the experiment (PHASE ID), 
the performance of this VNXe group was recorded and com- 
pared with that of the VNXi group animals—which had their 
first mating behavior test at the same time. In this and subse- 
quent phases of the experiment, the animals of each group 
were mixed so that the observers were unaware of the treat- 
ment any particular animal had received. 

Following these tests VNXi group animals were placed 
with one or more intact receptive females in an attempt to 
give them the same level of experience as the VNXe 
animals. Half of the VN Xi animals did not achieve any ejacu- 
lations and showed little or no interest in the female during 
the 1 hr experience session. These animals were allowed a 
further hour with a second receptive female on the next day 
and if necessary a third hour with a third receptive female on 
the third day. The VNXe animals received the same control 
treatment as VNXi animals had during VNXe experience 
sessions. 


Surgery 


Animals were anesthetized with Nembutal (Pentobarbital 
Sodium, 9 mg/100 g, IP) and the vomeronasal capsules ex- 
posed with a midline incision though the palate. The bone 
supporting the rostral end of the capsules was weakened by 


cutting a “‘U’’ shaped groove with a dental drill from the 
anterior end of the long incisive foramen on one side, 
anteriorly then across the midline and back to the foramen 
on the other side. The thin bone bar between the incisive 
foramina, which connects the capsules to the palate 
posteriorly, was removed and the capsules individually pried 
up and removed. Better than 90% of the organ and essen- 
tially 100% of the nerve connections can be removed in this 
way with minimal or no perforation into the nasal cavity. 
Hemorrhage was controlled by suction and gentle pressure. 
The palate was sutured with a running stitch having all ends 
and knots under the skin. Neither incision nor suturing 
encroached on the nasopalatine canals (as shown by subse- 
quent histology). SHAM group animals were treated as VNX 
animals up to and including the clearing away of soft tissue 
from the vomeronasal capsule. There was no drilling or bone 
removal and the palatal incision was sewn up as in VNX 
animals. 

At the end of the experiment, animals were deeply 
anesthetized with Nembutal and killed and fixed by perfu- 
sion with '/s strength Graham Karnovsky fixative. A 0.5 ml 
sample of blood was taken from the heart for testosterone 
assay before perfusion. Levels of testosterone were meas- 
ured in the laboratory of Dr. H. Lipner by a radioimmunoas- 
say method modified from Gay and Kerlan, [8] using Nis- 
wender’s anti-testosterone-11-BSA. Samples were extracted 
with fresh ether, separated, evaporated and equilibrated with 
0.1% gelatin-PBS. 10,000 dpm [1, 2, 6, 7, 16, 17-3H(N)] tes- 
tosterone (152 Ci/mmole—N. E. Nuclear), purified by TLC, 
were added and incubated overnight. Unbound steroid was 
adsorbed by incubation with dextran coated charcoal. Bound 
label in the supernatant was measured by liquid scintillation 
counting. The sensitivity of the RIA is 5 pg. The antiserum 
cross reacts 69% with dihydrotestosterone so the results are 
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FIG. 1. Sequence of experimental treatments and test sessions. At 
each PHASE of the experiment two female tests and two scented 
male tests were given to each animal. UNOPerated animals were not 
tested after PHASE I. CONTROL animals were tested in a different 
series of experiments. 


reported as total androgen in ng/ml. The noses and the olfac- 
tory bulbs were (separately) sectioned for histological verifi- 
cation of the vomeronasal organ lesion. Noses were decal- 
cified in RDO (Dupage Kinetic Labs., Plainfield, IL) for 8-48 
hr, embedded in paraffin and cut transversely at 15 uw. Every 
fifth serial section was mounted and stained with cresyl vio- 
let and luxol fast blue. The amount of VNO-receptor type 
epithelium present in each section mounted (within the nor- 
mal extent of the VNO) was estimated on a five point scale 
(0=no VNO receptor tissue, 5=equivalent to control) and 
values for all sections were cumulated to give an estimate of 
the total percent residual receptor tissue. Olfactory bulbs 
were cut serially in the horizontal plane at 40 u on a freezing 
microtome. All sections through the AOB were examined. 


Data Analysis 


The data for the two tests of each type within each phase 
of the experiment were averaged before statistical tests were 
applied. Because female tests were limited to 5 intromis- 
sions, the results are presented as intromissions/min (for 5 
min or 5 intromissions). Mann-Whitney U tests were used 
for independent groups. Wilcoxon Signed-Ranks tests were 
used for measures on the same group [34]. 


RESULTS 


The mating performance in the female and the scented 
male tests is shown in Figs. 2 and 3 respectively. The results 
are practically identical for the two tests. In the PHASE I 
tests, there were no significant differences between the per- 
formance of SHAM and UNOPerated animals in either test. 
The unoperated group was not tested further. Between 
PHASE I and PHASE II, the animals in the SHAM group 
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FIG. 2. Performance, in 5 min tests with intact receptive females, of 
CONTROL (C) hamsters and those whose vomeronasal organs were 
removed before (VNXi) or after (VNXe) any sexual experience. At 
the end of PHASE I, SHAM operated animals were given experi- 
ence and then VNX to become the VNXe group. Animals subjected 
to VNX before any sexual experience (VNXi) were first tested at 
PHASE II. Their performance was significantly less than that of the 
SHAM or VNXe animals. Shaded bars indicate test results obtained 
after the animals had been allowed sexual experience. Tests were 
stopped if the animals reached 5 intromissions and results expressed 
as intromissions/min. Numbers of animals were as follows: UNOP 
(12); SHAM (12); VNXe (10); VNXi (12); Ci (12); Ce (12). 


were given experience (see the Method section) and had 
their vomeronasal organs removed. They then became the 
vomeronasal-lesioned experienced (VN Xe) group. Reflect- 
ing their increased experience, the performance of the VNXe 
animals in PHASE II of the experiments was greater than 
their performance before vomeronasal removal and before 
experience (i.e., in PHASE I, when they formed the SHAM 
group). The performance of the inexperienced vomeronasal 
lesioned group (VNXi) was severely depressed compared to 
that of the experienced VNXe group (both types of test, 
p<0.002; see Figs. 2 and 3, PHASE II). The inexperienced 
VNXi group also performed significantly more poorly than 
had the inexperienced sham operated group (Female test, 
p<0.002; Male test, p<0.02, see Figs. 2 and 3; VNXi- 
PHASE II vs. SHAM-PHASE I). These results suggested 
that inexperienced animals are much more dependent on 
vomeronasal input than experienced animals. 

Following the second phase of the experiment, VNXi 
group animals were given the same or greater opportunity to 
interact with females as VNXe animals had been given. 
However, after 1 hr with each of 3 successive females, 5 
animals had still not ejaculated. 

In the third phase of the experiment (PHASE III) both 
VNXe and VNXi animals were retested twice with each type 
of test (Figs. 2 and 3; PHASE III). The mean performance of 
VNXi animals increased somewhat, presumably reflecting 
the increasing experience of some members, but the per- 
formance of this group in both tests was significantly lower 
than that of the VNXe animals tested at the same time 
(Female test, p<0.002; Male test, »<0.05). The performance 
of the VNXi animals was also significantly less than that of 
the VNXe animals in PHASE II tests: that is, when the 
VNXe animals had had the same opportunity to interact with 
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FIG. 3. Performance in 5 min tests with anesthetised male stimulus 
animals that were scented on the anogenital region with vaginal fluid 
from receptive females. Mounts with pelvic thrusts are interpreted 
as intromission attempts. Figure organization as in Fig. 2. 


females as the VNXi animals had at the time of the PHASE 
III tests (Female test, p><0.002; Male test, p<0.02—VNXi- 
PHASE III vs. VNXe-PHASE II). 

The 5 VNXi animals that failed to mate with 3 successive 
females during the postoperative experience sessions also 
showed no copulatory behavior whatever, not even mounts, 
in any test. These animals were designated the severe deficit 
subgroup. All the VNXi animals that eventually reached 3 
ejaculations during the experience sessions (mild deficit sub- 
group) also showed improvements in performance in both 
tests after experience. They therefore resembled to some 
extent the VNXe and Control animals, both of which in- 
creased performance with experience (Figs. 2 and 3). 
However, even when the non-performers are removed from 
the VNXi group, the remaining mild deficit group still per- 
formed significantly more poorly that the VNXe group. This 
is true whether the comparison is between the first set of 
female tests for each group when both were inexperienced 
(VNXi-PHASE II vs. SHAM-PHASE I; p<0.05, Mann- 
Whitney U test, 1 tail) or between the second set of tests, 
after some experience (VNXi-PHASE III vs. VNXe-PHASE 
II; p<0.02, Mann-Whitney U test, 2 tail). 

Because both groups of surgically treated animals ap- 
peared to increase their performance with experience, the 
ability of intact animals to show a similar increase was tested 
in a new group of 12 animals (CONTROL). These animals 
were given two tests of each type without any previous con- 
tact with females (Ci in Figs. 2 and 3) and were tested again 
after the standard 3 ejaculation experience session (Ce in 
Figs. 2 and 3). All animals achieved 3 ejaculations within 1 hr 
and all showed improved performance after experience. In 
the scented male test, the overall level of the measured mat- 
ing behavior (thrusting) was greater in the separately tested 
control group than had been seen in the experimental group 
but the relative increase with experience was comparable. 

In both the female and scented male tests, the attraction 
of the test animals to the anogenital area of the stimulus 
animal (source of the HVF) was recorded. The percentage of 
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TABLE | 


PERCENT OF INVESTIGATION TIME AT THE REAR OF THE 
STIMULUS ANIMAL 





Female Test 
UNOP SHAM CON 


Scented Male Test 
UNOPSHAM CON 





PHASE I % 80.24 84.72 74.25 % 80.24 80.38 70.57 
SE 2.87 4.32 4.50 SE 2.55 2.08 4.60 
VNXi VNXe CON VNXi VNXe CON 


PHASE II % 61.65* 88.94 79.20 % 61.90 74.95 71.68 
SE 9.12 1.64 2.68 SE 7.61 3.80 3.76 


PHASE III % 60.60 86.59 % 59.42 69.34 
SE 8.26 3.13 SE 8.93 4.43 





*VNXi-PHASE II different from VNXe-PHASE II and SHAM- 
PHASE lI. 

*VNXi-PHASE III different from VNXe-PHASE III and VN Xe- 
PHASE II. 

All significant at p<0.02 (Mann-Whitney U test). 


total investigation time devoted to this area (percent time at 
rear = %R) was recorded (Table 1). All groups spent more 
time investigating the anogenital area than the rest of the 
stimulus animal (%R>50%). In the scented male test but not 
in the female test, the VNXi animals had %R values slightly 
but significantly lower than those of SHAM animals and 
lower than VNXe animals in both PHASE II and PHASE III 
(p <0.02). Values of %R for VN Xe animals were not different 
from values for SHAM animals. 

Histological analysis showed that in all but 2 VNXe 
animals (which were dropped from the analysis) 90% or more 
of the VNOs from each side had been removed. Where there 
were shreds of intact vomeronasal tissue, VN nerves could 
occasionally be seen leaving the epithelium, only to disap- 
pear into large neuromata in the epithelium or surrounding 
tissues. These nerves are therefore unlikely to have made 
functional connections with the accessory olfactory bulb 
(AOB) [1]. In the olfactory bulb sections, the vomeronasal 
nerve and glomerular layers of the AOB were shrunken but 
not absent, a condition we have seen before in animals with 
complete vomeronasal lesions [22]. In all animals retained 
for analysis and for which histology was available (one 
animal from the VNXi group died before perfusion; the tis- 
sue from 5 VNXe animals was lost in a paraffin oven fire), 
there was also extensive disruption of the vomeronasal cap- 
sule, the large intracapsular blood vessels and the naso- 
palatine nerve supply—these structures together constitute 
the pumping mechanism that draws stimuli into the lumen of 
the organ [21]. Sections through the main olfactory 
epithelium were checked in all animals but no areas of dam- 
age were observed. The septal organ could be identified in at 
least some of the animals showing each type of behavioral 
result. 


DISCUSSION 


The primary conclusion from these experiments is that 
vomeronasal removal before sexual experience has severe 
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consequences, on average, for male hamster mating behav- 
ior but that vomeronasal removal after a minimal amount of 
sexual experience has no effect. The level of mating behavior 
seen in naive animals with sham or no lesions, suggests that 
responses to appropriate vomeronasal input in naive animals 
may be preprogrammed. The term preprogrammed is not 
intended to exclude the possibility that animals may learn the 
appropriate chemosignals during exposure to maternal chem- 
icals but fail to show mating behavior in response to those 
signals before puberty. It is also not intended to exclude the 
possibility that sensory facilitation of mating behavior may 
be ‘‘re-programmed”’ through experience—in fact the data 
presented do suggest such a re-programming. 

The lack of apparent effect of VNX after experience 
suggests that competence for eliciting mating behavior can 
be acquired, through experience, by another sensory system. 
This sensory system is presumably the main olfactory sys- 
tem because the results of combined lesions [22, 31, 36] 
suggest that either the olfactory or vorseronasal system is 
necessary for the maintenance of mai.ng behavior in the 
male hamster. 

The performance of VNXe animals, compared to their 
previous performance as SHAM animals (i.e., after being 
given experience and VNX) is very similar to that seen in 
CONTROL animals given experience but no VNX 
(VNXe—45% increase in the female test, 35% in scented 
male test; Ce—38% increase in the female test, 32% in 
scented male test). This finding suggests that VNX given 
after experience has little or no effect on performance. A 
direct comparison between the performance of experienced 
VNX animals (VNXe) and that of an experienced-sham- 
operated group is not possible because the SHAM group 
animals were not tested before VNX but after experience (in 
order to minimize the differences between VNXi and VNXe 
animals). However, in view of the similarities between 
VNXe and Ce group performance (see above), it is difficult 
to imagine that the performance of sham operated experi- 
enced animals would differ from that of VNXe animals— 
particularly as there was no apparent effect of the sham op- 
eration in inexperienced animals. 


Related Experiments 


Recent experiments [6, 19, 35], using chemically frac- 
tionated vaginal fluid, show that a non-volatile and probably 
proteinaceous material is responsible for the increase in mat- 
ing behavior when the high molecular weight fraction of 
HVF is used to scent anesthetized-male stimulus animals 
[35]. After vomeronasal organ removal, no increase in mat- 
ing behavior could be elicited by the high molecular weight 
fraction, even in experienced animals, but mating behavior 
was still enhanced by the unfractionated vaginal fluid [6]. 

A hypothesis consistent with the results discussed in the 
previous paragraph and with my results, as presented in this 
paper, would be the following: HVF contains a non-volatile 
high molecular weight component that acts through the VNO 
to increase mating behavior even in inexperienced animals. 
Removal of the VNO prevents detection of this substance 
and results in a complete lack of mating behavior in some 
inexperienced VNX animals (this report). In experienced 
animals, VN sensory activity induced by this chemical is 
associated with main olfactory input and possibly with input 
from other chemosensory systems (detecting the same or 
other female odors). Sensory input through these other sys- 
tems is sufficient to elicit increased mating behavior in expe- 
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rienced animals even after VNX (this report; [6]). Because 
inexperienced animals have had little opportunity to associ- 
ate the unlearned VN signals with other sensory cues, they 
are more dramatically affected by vomeronasal removal. 

Fractionation of the HVF removes the volatile substances 
that the experienced VNX animals had learned to use and 
they no longer show increased mating in scented male tests 
[35]. Those volatiles that have been identified and are known 
to be removed by fractionation are not sufficient by them- 
selves to promote mating even in experienced animals [18, 
28, 29]. Other substances, perhaps as yet unidentified vol- 
atiles, or perhaps a combination of identified but inactive 
substances together with substance(s) present in the high 
molecular weight fraction can elicit increased mating—via 
non-vomeronasal pathways—in experienced VNX animals 
[6]. (It is also possible that volatiles may act via VN recep- 
tors in intact animals [27].) This hypothesis is consistent with 
the available data but requires rigorous testing. 


Differences Between Female and Scented Male Tests 


In the experiments reported in this paper, the scented 
male test was included because it has proven to be more 
sensitive than the female test for detecting deficits in mating 
behavior in the past [23]. However, in these experiments 
there were only a few differences in the results for the two 
tests. Two VNXi animals from the mild-deficit subgroup that 
were slow in achieving 3 ejaculations during the experience 
sessions also failed to show mating behavior in the scented 
male test although they did mate in the female test. Thus in 
the scented male test, 7/12 (58%) of VNX-inexperienced 
males showed no mating behavior (i.e., the 5 animals of the 
SD subgroup plus the 2 additional animals). The reduction in 
available female cues in the scented male test may have been 
responsible for revealing a deficit not obvious in the female 
test. The scented male test also revealed a difference be- 
tween groups in their attraction to the scented anogenital 
region, VNXi animals spending a slightly lower percentage 
of investigation time sniffing and licking at this region (Table 
1). The minimal effects of VNX on attraction to the source of 
HVF is consistent with previous reports of the effects of 
lesions of the main olfactory system. In that case attraction 
to the anogenital area is reduced such that %R values fall 
below 50% [23,27]. The effect of experience in producing 
small differences between VNXe and VNXi animals in this 
measure of investigation is not clear. 


Androgen Levels and Residual Receptor Tissue 


In the present experiments, the differences in perform- 
ance of the various groups and subgroups of animals could 
not be attributed to group or subgroup differences in 
amounts of residual VNO tissue. The VNXi severe-deficit 
subgroup included 3 animals with some residual vom- 
eronasal tissue. The VNXe group contained 2 animals with 
no receptor tissue remaining, both of which mated consis- 
tently (ranked numbers | and 11 in average performance on 
the female test). The behavior of vomeronasal-lesioned 
animals was better predicted by the experimental treatment 
(experience or no experience) than it was by details of the 
histology. 

Mating behavior in male hamsters is dependent on some 
minimal level of circulating androgen [2] but the performance 
of animals in these experiments is not predicted by the serum 
androgen levels at the time of perfusion. All experimental 





TABLE 2 


MEAN SERUM ANDROGEN LEVELS MEASURED BY 
RADIOIMMUNOASSAY OF BLOOD TAKEN AT THE TIME OF 
SACRIFICE FOR HISTOLOGY 
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TABLE 3 


PERFORMANCE OF ANIMALS TESTED BEFORE SEXUAL 
EXPERIENCE: NUMBER FAILING TO INTROMIT ON THE FIRST 
AND SECOND FEMALE TEST 





Group or subgroup N Mean (ng/ml) SE 





(a) Vomeronasalectomy 
experienced (VN Xe) 
(b) Vomeronasalectomy 
inexperienced (VNXi) 
(c) Severe deficit 
(d) Mild deficit 

(e) Control unoperated 


2.46 + 0.42 
1.36 + 0.19 
1.71 + 0.31 


1.07 + 0.16 
1.08 + 0.20 





*Excludes 2 animals rejected because they retained >10% vom- 
eronasal tissue. 

+One animal died after testing—before blood sampling. 

Mann-Whitney U tests: a vs. b; p<0.02 (2 tail); a vs. d; p<0.02 (2 
tail); a vs. c and all other pairwise comparisons—not significant. 


groups and subgroups had levels equal to or higher than 
controls, as shown in Table 2. VNXe animals did have signif- 
icantly higher levels than VN Xi animals but since no exper- 
imental group had lower levels than controls it seems un- 
likely that androgen levels were a factor in these experi- 
ments. The critical comparison is that between the severe 
and mild deficit subgroups of the VNXi animals. The mild 
deficit animals had lower androgen levels but did show mat- 
ing behavior, whereas the severe deficit group did not. 


First Encounter is Critical 


The performance of VNXi animals suggests that the first 
mating interactions may be critical. Eighty three percent 
('°/12) of inexperienced animals lacking VNOs failed to in- 
tromit on the first encounter with a receptive female, 58% 
failed to intromit on both of their first two encounters, before 
being allowed to interact with females for a prolonged period 
and all but two of those (5/12=40% of VNXi animals) never 
mated on any encounter. In contrast, all VNXe animals 
reached criterion performance on their first female test after 
VNX. These VNXe animals had been tested before VNX, a 
difference from the VNXi animals, but since the primary 
purpose of the experiment was to compare experienced with 
inexperienced animals, these pre-surgery (PHASE I) tests 
merely constitute a small increment in experience. There 
were 3 groups of 12 intact animals (UNOP, SHAM and 
CONTROL) that were tested for mating behavior without 
previous experience in this experiment. Of these 36 animals, 
4 (11%) failed to intromit on their first female test and only 1 
animal failed to intromit on the second test (3%). The per- 
formance of the 4 groups tested without previous experience 
is shown Table 3 in comparison with the greater failure rate 
for the VNXi animals and the zero failure rate for VNXe 
animals. 


Other Experimental Variables 


The exposure of VNXi animals to males as part of the 
control for social experience and handling did introduce an- 
other difference between VNXi and VNXe animals. How- 
ever, the difference was restricted to long term effects of 
contact with intact males. Both VNXe and VNXi animals 
were kept in cages with other males (4 or 5 to a cage) before 
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N=12 per group except VNXe where N=10. 


and after surgery. VNXe animals were not exposed after 
vomeronasal removal to intact males in their home cages, 
whereas VNXi animals were. Both hamsters and mice, after 
the removal of their vomeronasal organs, tend to be less 
aggressive than intact animals [3, 5, 14] but there were no 
obvious signs of conflict between intact and VNX cagemates 
in these experiments (no excessive fight damage in VNXi 
animals, for example). Any subordination of VNXi animals 
by intact animals might affect sexual behavior but any such 
effect would have to be quite long lasting since VN Xi animals 
had no contact with intact animals later than 1 week prior to 
their first test. 

There was also a significant difference between the aver- 
age lengths of time separating VNX surgery and the first 
behavioral test in the MD and SD subgroups of the VNXi 
animals. The animals all received their first behavioral test 
on one of two consecutive days but the VNX surgery was 
spread over several days and the MD subgroup had, on aver- 
age, shorter delays after VNX. The VNXe group had even 
shorter delays. It has been suggested [4,9] that vomeronasal 
sensory input may be reinforcing for some behaviors and 
that loss of a behavior after vomeronasal lesions may be 
gradual as in the extinction phase of a learning experiment. If 
this were the case, the animals with shorter delays between 
VNX and testing should have shown a reduction in behavior 
during the course of the experiment. However, there was no 
decrease in performance during the several weeks of testing 
in any group or subgroup. Animals either increased in per- 
formance with experience or failed to mate altogether. 
Therefore the small differences between groups in the timing 
of VNX surgery cannot explain the differences in perform- 
ance between the VNXi and VNXe animals. 


Conclusion and Implications 


A sensory system that could dramatically increase the 
probability of mating on the first encounter with a female (in 
animals where this would not otherwise occur) should have 
selective advantage. The results of the experiments reported 
here and of other recent work suggest that the VNO and 
accessory olfactory pathway may be such a system. The 
relatively direct projections of this system [12,13] to the 
areas of the basal forebrain implicated in male sexual behav- 
ior [15] and its lack of projections to neocortical targets (see 
Meredith, 1983 [23] for a brief review and bibliography) 
suggest that it may produce this effect by a relatively direct 
influence on behavior. The possibility must therefore be 
considered that the system is, to some extent, a hardwired 


input concerned with the production of preprogrammed be- 
havior. 
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McCARTHY, D. O., M. J. KLUGER AND A. J. VANDER. Effect of centrally administered interleukin-! and endotoxin 
on food intake of fasted rats. PHYSIOL BEHAV 36(4) 745-749, 1986.—We have previously shown that interleukin-1 
(IL-1), a polypeptide known to mediate many aspects of the acute phase response to infection, suppresses food intake when 
injected intraperitoneally into fasted rats. IL-1 acts at the level of the hypothalamus to induce fever. In view of the large 
number of peptides that have been shown to alter food intake as well as body temperature when injected intracerebroven- 
tricularly (ICV), we hypothesized that the receptor site for the anorexigenic activity of IL-1 would be located in a central 
nervous site bathed by the cerebrospinal fluid. In the present study, ICV injection of IL-1 or E. coli endotoxin (a stimulus 
for the synthesis of IL-1), significantly elevated body temperature, but did not affect food intake of fasted rats. We 
conclude that receptors mediating the anorexigenic actions of IL-1 or endotoxin are not located at a central nervous site 
bathed by the cerebrospinal fluid. Furthermore, fever per se is not reponsible for the reduction in food intake seen following 


peripheral injection of IL-1 or endotoxin. 


Fever 


Anorexia Naloxone HCl 


Interleukin-|! 


ACUTE infectious illness precipitates a series of stereotypi- 
cal responses, including fever, granulocytosis, skeletal 
muscle catabolism, and alterations in plasma levels of iron, 
zinc, glucoregulatory hormones, and acute phase proteins. 
Virtually all of these responses are thought to be mediated 
either directly or indirectly by interleukin-1 (IL-1), a 17.5 kd 
heat-labile peptide synthesized and released by mononuclear 
phagocytes in response to infection [7,17]. Another common 
manifestation of acute infectious illness is a decrease in food 
appetite. We have found that a peripheral injection of IL-1 
suppresses food intake of fasted rats to levels approximating 
those seen following injection of E. coli endotoxin [14]. 
These findings suggest that infection-induced anorexia is, in 
part, due to the release of IL-1. 

The regulation of food intake is a complex phenomenon, 
involving multiple peripheral and central satiety signals that 
are integrated at the level of the hypothalamus [15]. Hamil- 
ton has proposed that central nervous regulation of food in- 
take is influenced by mechanisms involved with the regula- 
tion of body temperature [9]. Indeed, several monoamines 
and neuropeptides implicated in the central regulation of 
food intake will alter body temperature when injected into 
the hypothalamus or cerebral ventricles [4,6]. Because IL-1 
acts at the level of the anterior hypothalamus to induce an 
elevation in body temperature during infection, it is possible 
that IL-1 may act at this same site to decrease food appetite. 
It is also possible that the reduction in food intake seen fol- 





Endotoxin 


lowing injection of endotoxin is not mediated centrally by 
IL-1, but by endotoxin itself [3,16]. Comparison of the ef- 
fects of centrally injected IL-1 or endotoxin on food intake of 
rats will help to distinguish between these possibilities. 


METHOD 
Animals and Experimental Protocol 


Male Sprague-Dawley rats weighing 200 grams were 
housed individually in a temperature-controlled room at 
27+1°C, the thermoneutral zone of the rat. Each rat was 
stereotaxically implanted with a stainless steel cannula 
(#220, David Kopf, Tujunga, CA) in the right lateral cerebral 
ventricle, as described by Bailey et a/. [2]. For the measure- 
ment of body temperature, each rat was implanted with a 
temperature sensitive miniature AM transmitter in the 
peritoneal cavity (Minimitter Co., Sunriver, OR). These 
minimitters had been calibrated against a temperature- 
controlled water bath immediately prior to implantation. The 
rats were allowed 7-9 days to recover from the surgical pro- 
cedures. 

To ensure that the rats would eat during an experiment, 
they were fasted overnight (water was available ad lib). The 
rats were fed a liquid diet (Lieber-Dicarli 82, Bioserv Inc., 
Nutley, NJ) to facilitate the frequent measurement of food 
intake without disturbing the animals during the course of 
the experiments. The rats were allowed a 48 hour rest period 
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FIG. 1. Cumulative milliliters of food intake (+S.E.M.) and change 
in body temperature (+S.E.M.) in fasted rats following intracere- 
broventricular injection of 20 ~] human monocyte supernatant con- 
taining IL-1 (©) or supernatant heated to 70°C for 90 minutes ((). 


between experiments and were maintained on the liquid diet 
to extinguish any conditioned aversion to the diet resulting 
from a previous experiment. The animals were conditioned 
to the feeding schedule and handling for three days prior to 
the onset of an experiment. At all times, the animals were 
treated in a manner consistent with the DHEW ‘*Guidelines 
for the care and use of laboratory animals.” 

For each experiment, the rats were injected one hour 
prior to being allowed free access to the liquid food. Millili- 
ters of food intake from the calibrated feeding bottles were 
measured every 60 minutes for a total of 4 hours and the 
mean hourly food intake was computed for the four-hour 
feeding period. Because rats gain about 25 g body weight per 
week, with food intake increasing concomitantly, compari- 
sons were made only between the experimental and control 
groups for each substance injected. Data were analyzed by 
Student’s f-test. 

Body temperature was monitored to validate activity of 
IL-1 at the level of the hypothalamus, i.e., onset of fever 
following injections. Body temperature was measured twice 
prior to injection and every 60 minutes after injection for a 
total of 5 hours, inclusive of the four-hour feeding period. 
Baseline temperatures of the rats were determined by av- 
eraging the two readings taken before injection. The change 
in temperature was determined by subtracting the baseline 
measurement from subsequent measurements taken after in- 
jection. The mean change in temperature was determined by 
averaging the temperature changes over the five-hour post- 
injection period. 

Whenever baseline temperature exceeded 38°C, or there 
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FIG. 2. Cumulative milliliters of food intake (+S.E.M.) and change 
in body temperature (+S.E.M.) in fasted rats following intracere- 
broventricular injection of 10 ng E. coli endotoxin in 10 ul saline (O) 
or 10 yl of saline alone (CD). 


was any suggestion of leakage or inflammation around the 
cannula, the animal was eliminated from the experiment. On 
occasion, a minimitter battery would fail, and this explains 
why sample sizes for body temperature and food intake data 
are not always the same in a given experiment. Upon com- 
pletion of the last experiment, the rats were decapitated and 
50 yl of trypan blue injected into each cannula. The brain of 
each animal was dissected to confirm placement of the can- 
nula; data from any animal in whom the ventricular system 
was not stained was eliminated from anaysis. 


Preparation of Interleukin-1 


The preparation of human monocyte supernatant contain- 
ing IL-1 was based on the method described by Jones et al. 
[10]. In brief, 70-90 ml of heparinized blood were obtained 
from healthy adult human volunteers. Mononuclear cells 
were separated by density centrifugation on a Ficoll- 
Isopaque gradient. The mononuclear cells were washed 3 
times in Hanks’ Balanced Salt Solution (HBSS; Gibco, New 
York), counted using a hemocytometer and phase micro- 
scope, and resuspended in HBSS at a concentration of 
2.5 10° monocytes/ml in a total volume of no greater than 2 
ml in a 12X75 polypropylene plastic tube (Falcon Co., Ox- 
nard, CA). The cells were stimulated with heat-killed S. 
epidermidis by mixing on a tilt mixer at 37°C for 1 hour at a 
ratio of 20 bacteria/monocyte in the presence of 10% fresh 
pooled human serum. After the 1 hour stimulation, the cell 
suspensions were centrifuged for 15 minutes at 500 g, 
washed in HBSS, and resuspended in HBSS at a concentra- 
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FIG. 3. Cumulative milliliters of food intake (+S.E.M.) and change 
in body temperature (+S.E.M.) in fasted rats following intravenous 
injection of 100 ng E. coli endotoxin in 0.1 ml saline or (©) or 0.1 ml 
saline alone ((C). 
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tion of 2.5x 10° monocytes/ml. The cells were then incubated 
at 37°C in 5% CO, for 18 hours. After incubation, the cell 
suspensions were centrifuged for 15 minutes at 1000 g and 
the supernatant drawn off. A portion of the supernatant was 
heated to 70°C for 90 minutes to denature the IL-1. The IL-1 
and heat-treated IL-1 were than stored at —20°C. 


Experiment |: Effect of ICV IL-1 on Food Intake 


To determine if IL-1 can exert an anorexigenic effect 
when administered centrally, 6 rats were injected ICV with 
20 wl of human IL-1 and 6 with 20 yl or heat-treated IL-1. 
Each injection was followed by 20 yl of artificial cerebrospi- 
nal fluid to clear the cannula of injectate. The rats were 
allowed a 24 hour period of recovery, and the experiment 
was repeated, switching the control and experimental injec- 
tion groups in a crossover design for a total of 12 animals per 
group. 

To determine whether placement of the cannula in the 
brain might prevent the anorexigenic effect of intraperitone- 
ally administered IL-1, 6 cannula-bearing rats were injected 
IP with 1.5 ml of IL-1 and 6 were injected IP with heat- 
treated IL-1. 


Experiment 2: Effect of ICV Endotoxin on Food Intake 


To determine if endotoxin itself might exert an 
anorexigenic effect when injected centrally, 12 rats were in- 
jected ICV with 10 ng E. coli endotoxin (0111:B4, Difco, 
Detroit) in 10 ul of saline or 10 yl of saline alone in a cross- 
over design as described for Experiment |. The rats were 
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FIG. 4. Cumulative milliliters of food intake (+S.E.M.) and change 
in body temperature (+S.E.M.) in fasted rats following intracere- 
broventricular injection of 50 wg naloxone HCI in 10 yl saline (©) or 
10 wl of saline alone (C7). 


allowed a 48 hour period of recovery and were subsequently 
injected with 100 ng of endotoxin in 10 ul of saline or 10 yl of 
saline alone. To ensure that the response to the endotoxin 
was not blunted by endotoxin tolerance, 6 randomly selected 


rats were injected intravenously (IV) with 100 ng of 
endotoxin in 0.1 ml of saline and 6 with 0.1 ml saline alone. 


Experiment 3: Effect of ICV Naloxone HCl on Food Intake 


To validate that a centrally mediated suppression in food 
intake could be induced by a known anorexigenic agent using 
this animal model, 12 rats were injected ICV with 50 ug of 
naloxone HCI (kindly provided by Endo Pharmaceuticals, 
Wilmington, DE) in 10 wl of pyrogen-free saline (saline) and 
12 were injected with 10 ul of saline alone, as described by 
Thornhill e¢ al. [18]. 


RESULTS 
Experiment |: Effect of ICV IL-1 on Food Intake 


As shown in Fig. | (bottom panel), injection of IL-1 into 
the lateral cerebroventricle of the rats caused a significant 
rise in body temperature by 60 minutes after injection com- 
pared with control animals injected with heat-treated IL-1 
(1.6 vs. 0.5°C, p=0.001), validating activity of IL-1 at the 
level of the hypothalamus. The mean change in body tem- 
perature over the five-hour experimental period was 1.7 vs. 
0.6°C (p =0.001). In contrast, food intake of the rats injected 
ICV with IL-1 was not significantly different from control 
animals at any time during the four-hour feeding period (Fig. 
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1, top panel). Repeated measures analysis of variance re- 
vealed no effect of injections on food intake (p =0.6). 
Intraperitoneal injection of IL-1 into rats implanted with 
ICV cannula significantly elevated body temperature by 120 
minutes after injection compared to control animals injected 
with heat-treated IL-1 (1.4 vs. 0.5°C, p=0.006). The average 
change in body temperature over the 5 hour post-injection 
period was 1.0 vs. 0.5°C (p=0.02). Food intake of the 
cannula-bearing rats injected IP with IL-1 was reduced to 
60% of controls (8.6 vs. 14.5 ml, p=0.05) at 120 minutes after 
injections, similar to that found previously. These data indi- 
cate that the presence of the cannula did not interfere with 
the anorexigenic effect of peripherally administered IL-1. 


Experiment 2: Effect of ICV Endotoxin on Food Intake 


As shown in Fig. 2 (bottom panel), ICV injection of 10 ng 
of endotoxin significantly elevated body temperature of the 
rats by 120 minutes after injection compared to saline- 
injected controls. The mean change in body temperature 
over the five-hour experimental period was 1.2 vs. 0.5°C 
(p =0.001). Food intake of rats injected ICV with endotoxin 
(top panel) was not significantly different from controls at 
any time, with no treatment effect evident using repeated 
measures analysis of variance (p=0.2). Similar data were 
obtained following ICV injection of 100 ng of endotoxin (data 
not shown). When these same rats were injected IV with 100 
ng of endotoxin (Fig. 3), body temperature was significantly 
elevated over the five-hour experimental period (p=0.01). 
Repeated measures analysis of variance revealed a signifi- 
cant treatment effect on food intake of the endotoxin-in- 
jected rats compared to saline-injected controls (p=0.05). 


Experiment 3: Effect of ICV Naloxone HCl on Food Intake 


As shown in Fig. 4, injection of 50 wg naloxone HCl into 
the lateral cerebral ventricle of the fasted rats did not signifi- 
cantly alter body temperature over the five-hour experi- 
mental period compared to saline-injected control animals 
(0.5 vs. 0.2°C, p=0.3). Repeated measures analysis of vari- 
ance revealed that ICV injection of naloxone HCI did reduce 
mean hourly food intake of the fasted rats compared with 
saline-injected controls (9 =0.001) indicating that anorexia 
could be centrally induced using this model. 


DISCUSSION 


In the present study, ICV injection of IL-1 did not affect 
food intake of the fasted rats at any time during the four-hour 
feeding period. One possible explanation for this negative 
finding might be that the presence of the ICV cannula some- 
how influenced brain function so as to prevent a response to 
anorexigenic stimuli in general. This possibility was ruled 
out by the demonstration that ICV-administered naloxone 
did reduce food intake. Accordingly, we conclude that IL-1 
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does not affect food intake at a central nervous site bathed 
by the cerebrospinal fluid. 

We have previously shown that an intravenous injection 
of E. coli endotoxin significantly reduces food intake of 
fasted rats [13,14]. While endotoxin is a potent stimulus for 
IL-1 production by peripheral monocytes [11] and by brain 
tissue [8], it is possible that endotoxin-induced anorexia is 
not mediated centrally by IL-1, but by endotoxin itself 
[3,16]. In the present study, ICV injection of both 10 and 100 
ng endotoxin resulted in a significant elevation in body tem- 
perature, but neither dose of endotoxin affected food intake 
of the fasted rats compared to saline-injected controls. How- 
ever, IV injection of 100 ng of endotoxin significantly sup- 
pressed food intake compared with saline-injected controls. 
We conclude that anorexigenic effects of endotoxin are not 
mediated at a central nervous site bathed by the cerebrospi- 
nal fluid. 

Based on Brobeck’s theory of the thermostatic regulation 
of food intake [5], it had been postulated that fever may be a 
factor in the suppression of food intake during infection. 
Baile et al. [1] found that when the antipyretic drug dipyrone 
was administered to sheep simultaneously with endotoxin, 
fever was blocked and food intake was improved for a short 
while compared to endotoxin-injected animals that did not 
receive the antipyretic. McCarthy er al. [13] found that in- 
jection of sodium salicylate to lower endotoxin-induced 
fever in rats did not eliminate the endotoxin-induced sup- 
pression of food intake; however, the sodium salicylate was 
not administered until after the onset of the fever, making it 
difficult to rule out a possible initial effect of fever on food 
appetite. In the present study, ICV injection of IL-1 caused a 
large rise in body temperature before the rats were fed, but 
did not affect food intake of the fasted rats at any time during 
the four-hour feeding period compared to the control 
animals. Accordingly, we conclude that the onset of fever 
does not contribute to the suppression of food intake follow- 
ing peripheral injection of IL-1 or endotoxin. 

In summary, the findings of the present study indicate 
that neither endotoxin or IL-1 acts centrally to reduce food 
appetite nor do they affect food intake indirectly by inducing 
fever. What might be the peripheral mechanism of action? 
Turner and Berry [19] reported that IP injection of endotoxin 
inhibited gastric emptying in mice within 5 minutes after in- 
jection. Leek and van Miert [12] reported that IL-1 is detect- 
able in the plasma of sheep during endotoxin-induced gastric 
stasis. Van Miert and van Duin [20] found that injection of 
leukocyte supernatant containing IL-1 reduced gastric 
motility of goats to about 60% of controls by 60 minutes after 
injection. This effect did not occur if the supernatant was 
heated to 75°C for 30 minutes prior to injection. These find- 
ings suggest that IL-1 might indirectly affect food intake via 
effects on the rate of gastric emptying and the development 
of gastric distention [21]. 
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STAHLBAUM, C. C., C. ROVEE-COLLIER, J. W. FAGEN AND G. COLLIER. Twilight activity and antipredator 
behavior of young fowl housed in artificial or natural light. PHYSIOL BEHAV 36(4) 751-758, 1986.—Twenty-four-hr 
patterns of running wheel activity (Experiment 1) and death feigning, an antipredator behavior (Experiment 2), were 
studied in domestic chicks housed outside, in natural lighting, or indoors, with light onset and offset timed to coincide with 
the upper limbs of local sunrise and sunset, respectively. Although chicks housed outside were more active and displayed 
stronger death feigning reactions, the daily patterns of each activity were highly similar in the two groups. Activity peaked 
during the period corresponding to evening twilight and was negligible during the morning twilight period; in contrast, death 
feigning peaked during the morning twilight period. Activity measures indicated that chicks on the artificial light schedule 
had learned to anticipate dark by day 5, and subsequent ontogenetic changes in activity occurred exclusively in the evening 


twilight phase. 
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MOST birds, both wild and domesticated, occupy a diurnal 
niche. They feed efficiently and rely heavily on visually- 
based predator defenses during the day. At night, their role 
shifts from energy consumer to energy conserver. Feeding 
activity is replaced by quiescence, and metabolic costs are 
reduced by a reduction in body temperature. Predation de- 
fenses also shift to those that are effective against nocturnal 
predators. Because diurnal and nocturnal niches overlap, the 
morning and evening twilights are important transition 
periods for the switch between diurnal and nocturnal activity 
patterns for most animals [8, 10, 11, 13, 14, 24]. Many en- 
vironmental stimuli, including the intensity of illuminance 
and its associated spectral colors, change systematically and 
rapidly during twilight periods. These provide reliable and 
redundant sources of information regarding the length of 
day. Because the changing intensity of illuminance during 
the twilight period is least affected by cloud cover, weather, 
or seasonal influences, it has been singled out as the most 
likely primary zeitgeber for the switch for diurnal to noctur- 
nal (or vice versa) activity patterns [2, 7, 9, 13]. 

Even in the laboratory, adult hens reared in confinement 
exhibit increased activity 2-3 hr prior to dark [3]. However, 
laboratory animals must learn the length of day without the 





benefit of a progressive and systematic change in the inten- 
sity of illuminance. Instead, their zeitgeber for the shift from 
diurnal to nocturnal activities and vice versa is an abrupt 
light-dark transition. The intensity of illuminance remains 
constant until the light is switched off. Data on the ontogeny 
of feeding activity in laboratory-housed chicks suggest that 
they come to anticipate light-dark transitions only gradually. 
Week-old domestic chicks on a 12-hr photoperiod, for 
example, lose weight at the rate of 1%/hr during the dark 
phase [12]. Initially, their feeding activity is distributed uni- 
formly over a 12-hr light phase with the exception that, in the 
first few hours of each light phase, they feed vigorously. 
However, over the first two posthatch weeks, they gradually 
begin to feed vigorously in the final few hours prior to dark 
as well, and their daily feeding activity assumes a U-shaped 
function [21]. The food they consume at the beginning of the 
day is shunted past the crop directly into the stomach, but 
the food they consume at the end of the day is diverted into 
the crop and is metered into the stomach throughout the 
night [6]. In spite of the fact that chicks must feed independ- 
ently after the yolk sac has been absorbed 4-5 days after 
hatching, feeding in anticipation of dark does not develop 
until day 11, suggesting that it takes them this long to learn 
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their artificial light cycle. Moreover, their feeding activity in 
the 2-hr period before dark remains highly variable for more 
than a month [21]. 

A similar learning phenomenon at the light/dark transition 
period is implicated in laboratory studies of predation de- 
fense behaviors of fowl. Death feigning, an antipredator be- 
havior that is strongest at night [19], is highly effective 
against predators that are attracted by moving prey and that 
engage in extensive prey handling [20]. Several years ago, 
we reported a diurnal periodicity in death feigning by 
week-old laboratory chicks reared on a 12-hr photoperiod 
[16, 17, 18]. Their response durations were shortest in the 
2-3 hr following light onset and longest 2-3 hr after dark. 
Following each light/dark transition, their response variabil- 
ity was at a minimum but, as in the case of feeding, prior to 
each light/dark transition, their response variability peaked 
sharply [18]. 

Recent interest in the effect of twilight transitions on ac- 
tivity in laboratory animals (e.g., [15,22]) has led us to specu- 
late more generally about a possible relation between 
twilight activity and the response variability that we have 
observed prior to light/dark transition [18,21]. On one hand, 
the variability may simply have reflected differences in the 
rate that different subjects learned to anticipate dark in the 
absence of graded transitional cues. Alternatively, the varia- 
bility may have reflected the development of anticipatory 
activity during the ‘‘missing’’ twilight phase prior to dark 
and this, in turn, may have competed with other anticipatory 
responses, such as feeding or sustained death feigning. In 
addition, we wondered how the periodic function of death 
feigning that is obtained with abrupt light/dark transitions 
might compare with the function obtained with the putative 
**natural’’ zeitgeber—the progressive change in intensity of 
twilight illumination. 

The present studies were designed to measure the on- 
togeny of 24-hr activity patterns (Experiment 1) and the 
periodic expression of predation defense behavior (Experi- 
ment 2) of domestic chicks housed either indoors, in artificial 
lighting without a twilight component, or outside, with expo- 
sure to the full complement of stimuli that normally change 
in the course of day/night transition. In each experiment, the 
house lights were set to turn on at the time corresponding to 
the upper limb of local sunrise and to turn off at the upper 
limb of local sunset. Following the suggestion of Kavanau 
and Ramos [10], our reference point was astronomical 
twilight, the period before sunrisesand following sunset that 
begins or ends, respectively, when the sun is below the hori- 
zon by 18 degrees. This is the first point at which refracted 
sunlight appears above (preceding sunrise) or disappears 
below (following sunset) the sensible horizon as a result of 
the diurnal rotation of the earth. 


EXPERIMENT | 


In the first experiment, we studied the ontogeny of 24-hr 
activity patterns in chicks during the first three weeks follow- 
ing hatch. During this period, chicks become increasingly 
independent of the brood hen [24]. In addition, at the outset 
of this period, they thermoregulate chiefly by behavioral 
means; by the conclusion of the third week, they have 
achieved physiological control of body temperatures. Devel- 
opmental changes in the distribution of daily activity were 
recorded for chicks caged individually indoors in standard 
laboratory conditions and for chicks caged identically out- 
side. The photoperiod for chicks caged indoors was timed to 
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match that of chicks caged outside, as indicated above. Be- 
cause ambient temperature influences both food intake and 
death feigning durations of chicks during this developmental 
period, we attempted to insure comparable intakes in the two 
groups of chicks by turning off the heating units in the lab- 
oratory and continuously circulating outside air through the 
laboratory room via specially constructed light-screened 
vents in the exterior walls of the laboratory. 


Method 


Subjects. Subjects were 32 White Leghorn chicks, ob- 
tained in two larger batches of 150 each on the morning of 
hatch (4 June, 26 June) from a local hatchery. They were 
tested in two replications of 16 each. In each replication, 8 
chicks were assigned to the indoor housing group and 8 to 
the outside housing group on the basis of matched body 
weights. 

Apparatus. All chicks were housed in standard rat 
Wahmann running wheel units outfitted with microswitches. 
Revolutions were recorded on a 20-channel Model P2A Ger- 
brands event recorder with a chart speed of 7.62 cm/hour. 
Outdoor cages were under a protective portico attached to 
the exterior wall of the laboratory room. Each cage con- 
tained a metal food cup filled with AGWAY medicated chick 
starter (20% protein, 3% fat, 4% fiber) and a graduated Rich- 
ter drinking tube that protruded into the side of each cage. 
Chicks had continuous access to food, water, and the activ- 
ity wheel. 

In the laboratory, a 15-hr light phase (0430-1930 hr) was 
provided by a 150-watt incandescent bulb. The times of light 
onset and offset coincided with the upper limbs of sunrise 
and sunset, respectively, in New Brunswick, NJ [23]. In 
addition, for chicks caged outdoors, astronomical twilight 
followed sunset for 2 hr (1930-2130) and preceded sunrise for 
2 hr (0230-0430); 5 hr of complete darkness (no refracted 
sunlight) intervened between the evening and morning 
twilight periods. 

The mean daily temperature over the two replications was 
68.72°F (S.D.=7.24), with a mean daily minimum of 55.67°F 
(S.D.=8.53) and a mean daily maximum of 80.57°F 
(S.D.=6.82). Three ventilator fans pumped outside air con- 
tinuously into the laboratory room. 

Procedure. For the first four days following hatching, 
chicks were housed in pairs in running wheels to facilitate 
eating and drinking and for warmth. At the conclusion of day 
4, pairs were separated, and chicks were housed individually 
thereafter. The experiment began on the following morning 
and terminated two weeks later at the conclusion of day 18. 

Daily maintenance was between 1200-1400 hr in the first 
replication (4-22 June) and between 1230-1430 hr in the sec- 
ond replication (26 June-15 July). At this time activity coun- 
ters were read, food cups were weighed and refilled, water 
levels were recorded and bottles were refilled, and chicks 
were weighed. 


Results 


All measures were initially subjected to a Replication (2) 
x Group (2) x Day (14) analysis of variance with repeated 
measures over days. Developmental changes in activity (i.e., 
within days) were analyzed by means of a Group (2) x Rep- 
lication (2) x Day (14) x Time of Day (43 1/2-hr blocks) 
analysis of variance with repeated measures over Day and 
Time. Finally, to focus exclusively on the morning and eve- 
ning twilight periods, a separate analysis of variance was 
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FIG. 1. Growth curves of 16 chicks housed indoors and 16 outside, 
depicted in terms of the mean cumulative intake (g) required to 
produce the mean body weights recorded on each of the 14 experi- 


mental days. The solid line indicates perfect feed efficiency (Exper- 
iment 1). 





performed over Replication (2) x Group (2) x Twilight 
Period (2) x Time (4) within each twilight phase (repeated 
measures over twilight phases and half-hour measurement 
periods within each twilight phase). Only effects that were 
significant at less than the 0.01 level of confidence are de- 
scribed below. 

Body weight. Chicks in both rearing conditions grew, 
F(1,364)=546.48, p<0.0001, but chicks reared indoors were 
heavier, F(1,364)=6.99, p<0.01. Because the groups did not 
differ in total intake, the group caged indoors was more feed 
efficient, i.e., they required fewer grams of intake for each 
gram of weight gain (see Fig. 1). This may have been at- 
tributable to their lower level of running wheel activity (see 
below) or to factors that may have differentially affected heat 
loss in the two housing groups (e.g., wind). This is suggested 
by the fact that chicks weighed less in the first replication 
when temperatures were cooler, irrespective of whether they 
were raised indoors or outside, F(1,364)=7.11, ><0.01, even 
though they did not eat more in the first replication. 

Food and water intake. Both food intake (g) and water 
intake (ml) increased with age [food: F(13,364)=55.67, 
p<0.0001; water: F(13,364)=24.97, p<0.0001]. Water con- 
sumption increased more sharply during the first replication 
than the second, F(13,364)=5.03, p<0.0001. At the outset of 
the second replication, the mean daily temperature was 
higher (74°F vs. 58.5°F) and chicks caged indoors drank 
more, resulting in a flatter slope of intake over days, 
F(13,364)= 1.86, p<0.03. The food consumption of these 
same chicks paralleled their intake during this initial period, 
F(13,364)=1.84, p<0.03. However, total intake of either 
food or water was not differentially influenced by either 
housing condition (see Fig. 2) or replication, and chicks 
within each housing condition grew equivalently during the 
two replications. 

Daily activity. Seconds of running-wheel activity of each 
bird were tallied from event-recorder tapes in 30-second 
blocks. In spite of the differences in ambient temperature 
during the two replications, there was no significant main 
effect of replication on total daily activity. Patterns of activ- 
ity changed as a function of time of day, F(13,364)=26.10, 
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FIG. 2. Mean food and water intakes of 8 chicks housed indoors and 
8 housed outside in each of two replications over posthatch days 
5—18 (Experiment 1). 
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FIG. 3. Mean 24-hr running-wheel activity over a 14-day period for 
16 chicks housed indoors and 16 housed outside. Data were not 
collected during maintenance. Shaded columns indicate astronomi- 
cal twilight periods (Experiment 1). 


p<0.001, and were of the same general form whether birds 
were raised indoors or outside, even on the first day of the 
experiment. However, outside birds were more active, 
F(1,28)=5.71, p<0.02, and their activity in the proximity of 
evening twilight was higher, F(42,1176)=8.52, p<0.001. It is 
also interesting that birds caged outside became active at a 
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FIG. 4. Mean number of revolutions (dotted line) of 32 chicks in each of two replications over 14 experimental 
days, beginning on posthatch day 5, in relation to the mean daily temperature (dashed line). The shaded portion 
indicates the range of variation in ambient temperature between the maximum and minimum daily values (top and 
bottom solid lines, respectively). Data are collapsed over housing condition. (Experiment 1). 


later hour following sunrise than chicks housed indoors (see 
Fig. 3). It is likely that this reflects the difference in the 
gradual increase in the intensity of illumination (outside) and 
the abrupt transition (indoors) from complete darkness to 
maximum intensity of illumination. 

Twilight activity. All chicks were more active in the eve- 
ning twilight (M=196.4) than in the morning twilight 
(M=1.2), F(1,28)=49.60, p<0.001, and birds reared outside 
were five times more active during twilight periods than 
birds reared indoors, F(1,28)=20.69, p<0.001. This differ- 
ence was due entirely to activity in the evening twilight, 
F(1,28)=21.27, p<0.001, as activity in the morning twilight 
phase was negligible. Outside birds ran less during the sec- 
ond replication, F(13,364)=5.99, p<0.001, when ambient 
temperatures were warmer. However, the pattern of running 
within a day did not track changes in ambient temperature. 
In addition, there was no correlation between measures of 
daily activity (seconds, number of revolutions) and either the 
mean, minimum, or maximum daily temperature, either 
within or across replications, or within or across housing 
conditions (see Fig. 4). During the first replication, the am- 
bient temperature dropped below normal levels for several 
days, during which time there were two successive record- 
breaking cold nights. During this same period, the activity of 
all birds was suppressed, particularly that of outdoor birds 
during the evening twilight phase. There is no support, there- 
fore, for a thermoregulatory interpretation of running-wheel 
activity in the present data. 

Ontogenetic changes in activity. On the first day of the 
experiment (after chicks had been caged either indoors or 
outside for four days), the activity difference between the 
two housing groups was greatest, with the bulk of the activ- 
ity of both groups occurring in the period corresponding to 
evening twilight. Thereafter, the amount of activity declined, 
F(13,364)=4.34, p<0.01, decreasing more sharply prior to 
and during the period corresponding to evening twilight, 
F(546,15288)=3.34, p<0.001, than at any other time of day. 
This general developmental pattern was identical in both 
housing groups, but peak activity in the evening twilight de- 


clined more rapidly for chicks housed inside, 
F(13,364)=2.84, p<0.001 (see Fig. 5). 

The distribution of activity across the 1/2-hr segments 
that made up the evening twilight period was not flat, 
F(3,84)= 14.68, p<0.001, and the activity patterns of the two 
housing groups differed during the evening twilight period, 
F(3,84)=3.44, p<0.05. While the activity of the outside 
group peaked and then declined within the twilight phase, 
the activity of chicks reared indoors peaked in the 1/2-hr 
immediately preceding lights-off (see Fig. 3) and declined 
linearly over the 2 hr thereafter. Thus indoors, even in total 
darkness, chicks were active during the period correspond- 
ing to astronomical twilight. Outdoors, chicks in total dark- 
ness (i.e., following astronomical twilight) were completely 
inactive. As total activity of birds reared outside declined 
during the evening twilight over successive days, their pat- 
tern of activity within the evening twilight phase became 
increasingly variable. In spite of this, the best-fitting trend 
that described the pattern of decline over days was linear in 
all components, F(1,14)=15.99, p<0.005. 


Discussion 


Previous observations of feeding activity [21] suggested 
that chicks housed indoors do not learn their light cycle until 
well into the second posthatch week. The present findings 
show that chicks housed indoors, like chicks housed outside, 
exhibit activity in anticipation of dark within 4 days of hatch- 
ing, when they are required to feed independently, and 
possibly do so even earlier. Moreover, chicks housed in- 
doors on an artificial lighting regimen, although less active 
than those housed outside, distributed their activity 
throughout the day in exactly the same fashion as chicks 
reared outside in natural light. This indicates that chicks are 
highly sensitive to information regarding the length of day 
and appreciate their light cycles after only a few exposures. 

Time-correlated changes in the temperature of the out- 
side air that was circulated into the laboratory room was a 
potential source of information regarding day length and 
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FIG. 5. Samples of developmental changes of 24-hr activity patterns over a 14-day period for 5- to 18-day- 
old chicks housed indoors or outside (n=16 each). Shaded columns indicate astronomical twilight periods 
following sunset (left column) and preceding sunrise (right column) (Experiment 1). 


could have contributed to the initial learning of the light 
cycle by chicks caged indoors. By the same token, however, 
we cannot account for the considerable differences in activ- 
ity level between chicks caged indoors and outside in terms 
of differences in ambient temperature. 

The fact that chicks anticipate dark by day 5 in terms of 
their running-wheel activity but not in terms of feeding activ- 
ity indicates that their failure to feed before dark prior to day 
11 cannot be due to their failure to learn the light cycle. One 
interpretation of the present data is that chicks learn very 
rapidly ‘‘when’’ it will be dark, but that it takes longer for 
them to use this information to modify their feeding pattern 
in constant artificial light so that, in effect, they ‘‘stock up” 
in anticipation of the nocturnal fast. Whether anticipatory 
feeding is a true learning phenomenon, a maturational effect, 
or a complex regulatory phenomenon, etc., remains to be 
determined. It may, for example, depend upon devel- 
opmental changes in the physiology of the crop. In any 
event, feeding before dark involves a more complex set of 
behavioral adjustments, including altering the pattern of 
feeding at other times of the day (e.g., decreasing feeding in 
the middle of the photoperiod), than a simple increase in 
activity in advance of dark. 

Finally, it appears that laboratory-housed chicks begin to 
feed at the end of the light phase within the same devel- 
opmental period that heightened pre-dark activity begins 
to shift into the post-dark twilight phase until, by day 14, the 
peak of activity does not conflict with the period of peak 
feeding. Becouse chicks are generally thought to be quies- 


cent at night, it is notable that they were active in the labora- 
tory during the period corresponding to astronomical 
twilight, even though they were in complete darkness. 


EXPERIMENT 2 


The second experiment was designed to explore the rela- 
tion between daily activity patterns and death feigning, a 
predation defense behavior also described as ‘“‘playing 
possum,”’ animal hypnosis, or tonic immobility. Most lab- 
oratory studies of this phenomenon have used domestic 
chickens; however, the findings from such studies are con- 
sistent with observations of this antipredator behavior in 
other species of birds, both domesticated and wild, either in 
the laboratory, in semicaptivity, or in the field ({20]; for re- 
view, see [4]). 

In previous laboratory research, we found that chicks 
maintained on a 12-hr photoperiod exhibited extremely brief 
death feigning durations during the period when chicks typi- 
cally engage in peak feeding activity (i.e., immediately fol- 
lowing light onset); their longest durations were during 
periods of typical inactivity (e.g., in the middle of the dark 
phase). Group variability was minimal at both of these times. 
However, in the hour prior to dark, individual response du- 
rations were either very lengthy or very brief [18]. Because 
death feigning involves sustained motoric inhibition, we had 
hypothesized that the heightened activity associated with 
feeding competed with death feigning in the hours following 
a lengthy nocturnal fast and prior to dark. Although rearing 
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FIG. 6. Mean seconds of death feigning by 208 chicks, half housed 
indoors and half outdoors, over 13 test hours on posthatch day 11. 
Shaded columns indicate astronomical twilight periods. Death feign- 


ing was experimentally terminated after 1800 seconds (Experiment 
2). 


in continuous light (i.e., eliminating the nocturnal fast) did 
yield longer durations at a time corresponding to the post- 
dawn period, the 24-hr periodicity in death feigning durations 
persisted [17]. 

If the biological rhythms of prey are synchronized with 
those of their predators, then death feigning durations should 
be longest when predators against whom this defense is most 
effective are most likely to be encountered. For fowl, this 
period would include the twilight phases, when nocturnal 
predators (e.g., badgers, raccoons, possums, foxes) are 
either emerging or retiring, as well as the dark phase. On the 
other hand, if the periodicity of death feigning is tightly 
coupled to another periodic behavior such as feeding or 
running wheel activity, then its expression would reflect the 
effects of different factors on the expression of the second 
behavior. 

In the first experiment, activity peaked in the temporal 
vicinity of twilight and was greater on the part of chicks 
caged outside. If periods of heightened activity preclude 
lengthy death feigning durations, then we would expect (a) 
chicks caged outside to exhibit their briefest durations during 
the evening twilight, and (b) chicks caged outside to exhibit 
briefer durations than those caged indoors. Moreover, to 
determine whether artificial lighting regimes alter the 
periodicity of the death feigning behavior, measures of death 
feigning were obtained across a 24-hr period. Because the 
distribution of activity was not differentially influenced by 
artificial or natural light, we did not expect differences in the 
24-hr pattern of death feigning durations either. 

Because chicks feed anticipatorily prior to dark by day 11 
[21], we measured death feigning responses in chicks of this 
age. Because individual housing (i.e., in running wheels) 
produces abnormal death feigning reactions, we housed sub- 
jects socially in standard chick starter batteries both indoors 
and outside, and obtained concurrent activity measures from 
11-day-old chicks caged in adjacent activity wheels. 
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FIG. 7. Mean activity of 16 chicks housed indoors and 16 housed 
outside over 30-minute blocks of posthatch day 11 while death feign- 
ing was concurrently assessed in socially-reared chicks housed in 
adjacent batteries (Experiment 2). 


Method 


Subjects. White Leghorn chicks in Experiment 2 were 
obtained from the same hatches.as chicks in Experiment 1. 
In each replication, 52 birds per group (indoors, outside) 
were tested from larger rearing groups of 75 each on day 11: 
Four chicks per group were drawn at each of 13 clock hours 
spanning a 24-hr period. 

Apparatus. Chicks were group-reared in standard alumi- 
num starter batteries with AGWAY medicated chick starter 
and water available ad lib in side-hanging troughs. Ambient 
temperature and lighting conditions were the same as in Ex- 
periment 1, which was conducted concurrently. 

Death feigning durations were assessed in four identical 
noise- and light-controlled automated test boxes in an adja- 
cent laboratory room. Each test box contained a platform 
with a photocell unit spanning a 7.62-cm central arena (de- 
tails in [16]). When the experimenter’s hand interrupted the 
photobeam following placement of the chick in the arena and 
when the chick stood upright and interrupted the beam 
again, pen deflections on a Model P2A Gerbrands recorder 
(chart speed, 12 cm/min) marked the initiation and termina- 
tion of death feigning, respectively. 

Procedure. On day 11, 8 chicks from each rearing condi- 
tion (4 per replication) were tested once each at 13 test hrs: 
0600, 0900, 1200, 1500, 1800, 1830, 1930, 2030, 2130, 0130, 
0230, 0330, 0430. These times were selected to provide an 
evenly spaced sample of durations during the daylight hours 
and a heavy sample of durations prior to, during, and follow- 
ing both twilight periods. 

At the designated test hour, chicks were randomly drawn 
in pairs, placed in a transport box, and carried to the test 
room where they were subjected to a standard death feigning 
induction procedure in which the experimenter simulates the 
predator [18]. When the chick was removed from the trans- 
port box, its body temperature was recorded via a cloacal 
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probe. (This measure was taken because body temperatures 
are usually lower at night, when birds are fasting and dura- 
tions are longest; they are usually higher in active birds and 
in larger birds. It was thought that differences in body tem- 
perature might be associated with either activity or death 
feigning.) Next, the chick was restrained on its side in the 
central arena of the platform. After 15 sec, the experi- 
menter’s hand was removed, and the test chamber door was 
closed. During death feigning, chicks remained immobilized 
on their sides in the position in which they were initially 
placed, giving the appearance of a catatonic-like sleep state 
marked by periodic tremors. The response was terminated 
when they rapidly assumed an upright, standing position and 
interrupted the photobeam, often darting to the side of the 
test box. If the chick did not terminate the response within 30 
min, the experimenter stopped the timing and removed the 
chick. This criterion was imposed to insure that the appro- 
priate number of 1|1-day-old chicks could be tested at the 
scheduled clock hours. Following removal from the test 
chamber, chicks were weighed and placed in a communal 
holding pen until all remaining subjects had been tested. 


Results and Discussion 


Death feigning durations (24-hr). As is characteristic of 
latency data, durations were skewed, necessitating a log 
transformation prior to a Group (2) x Test Hour (13) analysis 
of variance. As expected, durations differed significantly as 
a function of housing condition; however, chicks caged out- 
side had longer durations than those caged indoors, 
F(1,182)= 16.95, p<0.0001. 

Durations also varied as a function of test hour, 
F(12,182)=3.04, p<0.001. There was no interaction. A trend 
analysis yielded significant linear, quadratic, cubic, and 
quartic trends; the largest F-value was associated with the 
cubic component, F(1,182)=6.36, p<0.05. The pattern of re- 
sponding was consistent with a competing activity hypoth- 
esis. As shown in Fig. 6, durations decreased immediately 
preceding and through the evening twilight, increased at 
night and through the morning twilight, decreased im- 
mediately following sunrise, and then reversed, increasing to 
midday and stabilizing. As in Experiment 1, the overall form 
of the periodic function was not affected by housing condi- 
tion, but the amplitude of the swings in duration from one 
test hour to the next was greater indoors. The biggest differ- 
ence in any test hour between the two groups occurred in the 
test period immediately following sunrise (light onset), when 
durations of birds housed indoors plunged to their lowest 
values while those of birds reared outside remained at their 
peak (see Fig. 6). The delayed drop in durations of the out- 
side group was consistent with their delayed increase in ac- 
tivity (Experiment 1) following sunrise. 

Neither of our original predictions regarding the relation 
between activity and death feigning duration was borne out. 
It was true that death feigning durations were inversely re- 
lated to activity level within housing conditions; for exam- 
ple, immediately following light onset, when indoor birds 
feed vigorously [21] and are active in the running wheel (Ex- 
periment 1), their durations of death feigning were lowest. 
However, this correspondence was not maintained across 
housing conditions. Birds housed outside were significantly 
more active than those housed indoors, yet they also had 
stronger antipredator reactions. 

Twilight durations. A 3-way analysis of variance was per- 
formed over log durations for factors of Group (2), Twilight 
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Phase (2), and Twilight Test Hour (2). As predicted, dura- 
tions were briefer during the evening than during the morn- 
ing twilight phase, F(1,56)=8.44, p<0.005, but the durations 
of the chicks housed indoors did not differ reliably from 
those housed outside at either of these times. Only the 
Twilight Phase x Test Hour interaction was reliable, 
F(1,56)=4.71, p<0.03. In the evening, durations became 
briefer from the first to the second hour of twilight, whereas 
in the morning, they became longer (see Fig. 6). 

Body temperature. Two-way analyses of variance per- 
formed over factors of Group (2) and Test Hour (13) indi- 
cated that body temperatures of chicks reared outside were 
higher (M=38.61) than those of chicks reared indoors 
(M=38.41), F(1,182)=2.17, p<0.045. This resulted from the 
higher pretest temperatures of the outside group prior to and 
during the evening twilight—a time when the activity of 11- 
day-old birds caged in adjacent running wheels was also 
greatest (see Fig. 7). Body temperatures also changed over 
test hours, F(12,182)=13.04, p<0.001. A trend analysis 
yielded significant linear, quadratic, cubic, and quartic com- 
ponents. Of these, the quadratic component had the largest 
F-value, F(1,182)=69.71, p<0.0001, reflecting the fact that 
body temperatures were higher during the day and eve- 
ning twilight than during the night and morning twilight. The 
Group X Test Hour interaction, F(12,182)=2.84, p<0.001, 
indicated that the body temperatures of outside birds fell 
below those of the indoor group during the second hour of 
morning twilight (0330-0430) and remained lower during the 
hour immmediately following sunrise (0430-0530). Notably, 
these are the times of longest death feigning by the outside 
group. (In recent studies, we have obtained a high negative 
correlation [—0.88] between pretest body temperature and 
death feigning duration in chicks less than 3 weeks old.) 

Body weight. As in Experiment 1, birds reared indoors 
were heavier, F(1,182)=33.38, p<0.0001. Their posttest body 
weights changed reliably across the 24-hr period, 
F(12,182)=4.30, p<0.0001. Trend analyses yielded signifi- 
cant linear, quadratic, cubic, and quartic components, but 
the largest F-value, F(1,182)=9.97, »<0.005, was associated 
with the quadratic component. As expected, birds gained 
weight as they fed throughout the day, and lost weight during 
their nocturnal fast. 

In past experiments [12,19], heavier birds (either older or 
better nourished) had higher body temperatures. In the pres- 
ent study, however, birds with higher body temperatures 
lived outside and were lighter. Both their higher tempera- 
tures and lower body weights were attributable to their 
greater activity (cf. Experiment 1), because food intake was 
equivalent across housing conditions. 


GENERAL DISCUSSION 


These results demonstrate that twilight is a significant 
period for shifts from diurnal to nocturnal behavior patterns 
in growing chicks. Irrespective of whether birds were raised 
indoors in artificial lighting with abrupt light/dark transitions 
or outside in natural light with progressive light/dark transi- 
tions, the peaks of each behavior occurred during a twilight 
phase. Locomotor activity, a diurnal behavior, peaked dur- 
ing the evening twilight period, and death feigning, a strong 
nocturnal antipredator behavior, peaked during the morning 
twilight period. Twilight is a time of rapidly changing stimuli 
(indoors, the change is instantaneous). The fact that the peak 
behaviors of the two housing groups did not differ during the 
twilight phases suggests that these behaviors are keyed to 
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these rapidly changing cues. At other times of the day, when 
chicks housed indoors experienced the typical laboratory 
conditions of invariant stimulation (constant light, constant 
noise, etc.), they displayed briefer and more variable 
antipredator responses than chicks housed outside. Con- 
versely, chicks housed outside displayed antipredator reac- 
tions that were less variable over a 24-hr period than those of 
chicks housed indoors in spite of the greater variety in en- 
vironmental stimulation outside! This suggests that normal 
environmental variation, rather than being a source of exper- 
imental error, may be a source of information that facilitates 
the timing of behavior. Removal of this information in a tra- 
ditional laboratory design may reduce the efficiency with 
which animals allocate their time among critical activities. 

Because variables other than the light schedule (e.g., 
absolute intensity of illumination, spectral changes, activi- 
ties of other animals, noise, wind, cloud cover, etc.) differed 
between groups caged indoors and outside, it is remarkable 
that the distribution of each behavior over a 24-hr period was 
so similar across housing conditions, including the points at 
which each activity peaked. The main difference between 
the two housing groups was the amplitude of responding and 
the rate of change in twilight activity over the first three 
weeks. These data suggest that laboratory studies can, in 
some circumstances, provide an overall picture of the timing 
and distribution of some activities. However, housing in 
constant laboratory conditions is not likely to provide an 
estimate of the overall level or stability of a behavior, and 
studies of a single response measured at a single time of day 
will not provide insights into the manner in which animals 
allocate their time among their many essential activities. Had 
measures of either activity been taken at only a single time of 
day, different conclusions regarding the level or timing of 
each of these behaviors would have been reached. 


STAHLBAUM FT AL. 


It is likely that many biologically significant activities 
occur during twilight, although this period has been univer- 
sally ignored in laboratory studies (but see [15,22]). In the 
present study, the biological significance of activity is less ob- 
vious than that of death feigning, which has immediate survival 
value [4,20]. However, the patterning of activity of various 
nocturnal and diurnal species corresponds well with the 
times at which they typically retire or emerge, although retir- 
ing times are generally more variable than emergence times 
[8,13]. Given access to a running wheel, most free-ranging 
animals, whether wild or domesticated, will run, and do so 
primarily at twilight [9, 10, 11]. The relative invulnerability 
of the pattern of the behavioral periodicities in the present 
study suggests that both patterns are products of the bird’s 
adaptation to a particular ecological niche. This, in turn, 
suggests the importance more generally of considering be- 
haviors studied in the laboratory in relation to the subject’s 
niche, which includes the timing and availability of resources 
at different seasons, the timing of the subject’s other essen- 
tial activities, and the timing of the activities of its competi- 
tors and its predators. 

Unfortunately, no apparatus is currently available that 
permits a veridical simulation of the changes that occur 
through twilight periods [1, 5, 7]. Such an apparatus would 
require the capability of mimicking twilight transitions 
through changing seasons and at different latitudes. Access 
to natural light through a laboratory window is the best ap- 
proximation [15] but is not always possible. If and until such 
an apparatus becomes available, experimenters should at 
least be aware of the potential significance of such transi- 
tions for many behaviors as well as the variability that may 
be introduced by artificial lighting regimes and refinement 
procedures associated with experimental *‘control.”’ 
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TORII, K., T. MIMURA, Y. TAKASAKI AND M. ICHIMURA. Effect of mealing on plasma and brain amino acid, and 
brain monoamine in rats after oral aspartame. PHYSIOL BEHAV 36(4) 759-764, 1986.—Aspartame (APM; L- 
aspartyl-L-phenylalanine methyl ester) was investigated for its ability to alter brain amino acids and monoamines in 
overnight fasted rats allowed to consume commercial diets for 60 minutes. In addition, the effects of mealing on the changes 
in plasma and brain amino acids and brain monoamines induced by glucose and/or insulin, and known pharmacologically 
active compounds, were studied. The consumption of the commercial chow largely prevented changes in blood glucose and 
amino acids, and brain amino acids and the monoamines dopamine, norepinephrine and serotonin that might be expected to 
occur following glucose with or without insulin. Feeding failed to prevent changes in the above parameters when 
5-hydroxy-tryptophan, p-chlorophenylalanine and reserpine were administered. The oral administration of up to 250 mg/kg 
BW APM with water or glucose followed by free feeding failed to alter brain monoamines. These studies demonstrate the 
potent ability of food to normalize biochemical parameters in blood and brain that otherwise might occur, and clearly show 


the lack of effect on brain monoamine levels of abuse doses of APM when administered with food. 


Mealing Aspartame Brain amino acids 


Brain monoamine 





ASPARTAME (L-aspartyl-L-phenylalanine methyl ester, 
APM) is currently used as a sweetening agent throughout the 
world. Advantages of this agent, which is comprised of the 
two naturally occurring amino acids aspartic acid and 
phenylalanine (Phe), include its potency, being 200 times 
sweeter than sucrose [20,21], its lack of an aftertaste [18], 
and its essentially calorie-free content as practical use. Taste 
perception of this sweetness is possible only for higher pri- 
mates including humans; rodents and rabbits cannot per- 
ceive the sweetness of APM [23, 33, 41]. Exhaustive labora- 
tory toxicity studies on mice, rats, rabbits, dogs and mon- 
keys [1, 2, 16, 19, 24, 27, 28, 31, 34, 41] and clinical studies in 
humans [17, 29, 35-39] have clearly demonstrated repeatedly 
the safety of APM when administered acutely or chronically. 

Phe, a constituent of APM, can be converted to tyrosine 
(Tyr) proportionally in the alimentary organs. Both amino 
acids together could potentially decrease the entry of other 
large neutral amino acids (LNAA), notably tryptophan 
(Trp), into the brain [48]. The entry of Trp into the brain is 
dependent upon the level of Trp divided by the sum of the 
other competing LNAA [10, 13, 25]. It has been postulated 
that a decrease in Trp entry could also lead to a decrease in 
serotonin (5-HT) synthesis [47,48], whereas its synthesis is 
dependent upon the availability of its precursor, Trp [8-10]. 
When carbohydrates are ingested, the resultant insulin re- 
lease reduces the levels of circulating LNAA, with the ex- 
ception of Trp, and thus 5-HT increases [6, 9, 44]. APM has 
been reported to prevent the rise in 5-HT following co- 


administration of glucose by gavage [47], while it has been 
also shown in other reports [11, 47, 48] that there is no effect 
of APM on levels of 5-HT or its metabolite 5-hydroxy- 
indoleacetic acid (S-HIAA) when administered alone. 

In addition, Tyr levels are greatly increased in rats follow- 
ing APM administration [25,48]. Tyr is the precursor of the 
monoamine neurotransmitters dopamine (DA) and norepi- 
nephrine (NE) [12, 45, 46]. In studies where 200 mg/kg BW 
APM was administered to overnight fasted rats, no changes 
in DA, NE or their metabolites were noted [11]. Most impor- 
tantly, the expected behavioral changes that should accom- 
pany changes in brain monoamine levels in rats were not 
observed when APM was administered at a 5% level in the 
diet for three weeks (Torii et al., submitted for publication). 

The human ingestion of APM will most likely be associ- 
ated with the concomitant consumption of other foodstuffs, 
especially protein. We therefore studied the effects of APM 
with or without glucose administration to overnight fasted 
rats allowed to consume a normal laboratory chow for one 
hour following the APM. We also employed pharmacological 
agents known to alter brain monoamine levels as positive 
controls. 


METHOD 


Male Sprague-Dawley rats (Charles River Japan, Inc., 
Japa.) weighing 175-185 g (6 weeks of age) were used 
throughout the study. Animals were housed individually and 





TABLE 1 
EXPERIMENTAL GROUPS AND TREATMENTS 
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TABLE 2 
EXPERIMENTAL GROUPS AND TREATMENTS 





Treatment 


Time 
Before 
Sacrifice 


Material Administered 
(per kg body weight) 





distilled water, PO 

1.5 g glucose, PO 

3.0 g glucose, PO 

6.0 g glucose, PO 

3.0 g glucose, PO + 2 IU insulin, SC 
3.0 g glucose, IP 

50 mg 5-hydroxytryptophan, IP 

300 mg p-chlorophenylalanine, IP 
2.5 mg reserpine, IP 


90 min 
90 min 
90 min 
90 min 
90 min 
90 min 
30 min 
24 hr 

24 hr 





Overnight fasted rats received the above treatments orally (PO), 
intraperitoneally (IP), or subcutaneously (SC) at the times specified 
before sacrifice, with the exception of Group 8 and 9 which received 
their respective treatments and fasted until the food presentation 
one hour before sacrifice. All animals were refed one hour prior to 
sacrifice. 
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EXPERIMENTAL GROUP 
FIG. 1. Plasma concentrations of glucose in overnight fasted rats 
(N=7) given water (control) or glucose orally (PO), glucose PO plus 
insulin subcutaneously (SC), glucose intraperitoneally (IP) or 
5-hydroxytryptophan, p-chlorophenylalanine or reserpine IP prior 
to one hour of mealing as outlined in Table 1. Values represent the 
mean+standard deviation. Statistical differences between control 
(Group 1, open bar) and experimental groups (glucose and/or insu- 
lin, solid bars; positive pharmacological controls, dashed bars) are 
marked: (a) p<0.05; (b) p<0.01; and (c) p<0.001. 


allowed free access to chow and water prior to experimenta- 
tion. The animal rooms were maintained at 23+1°C, with 
50-70% relative humidity and lighted from 7 a.m. to 7 p.m. 
Food was removed prior to the dark period the night before 
experimentation. 

In the first experiment, rats were treated as outlined in 
Table 1. Briefly, rats received glucose 1.5, 3.0, 6.0 g/kg BW 
orally, 3.0 g/kg BW intraperitoneally (IP), or 3.0 g/kg BW 
glucose orally with 2 [U/kg BW insulin subcutaneously (SC) 
30 minutes prior to access for one hour to commercial chow 
(crude protein 24% w/w). Another group of animals was 
allowed to consume chow for one hour while given 
5-hydroxytryptophan (5S-HTP) IP 30 minutes prior to sac- 
rifice. This compound is known to be the immediate precur- 
sor to serotonin and its administration causes an increase in 
the levels of this neurotransmitter in brain [15,43]. In addi- 





Treatment II APM 
Administered (mg/kg) 


Group 


(N=8) Treatment I 





10 water 

11 water 

12 water 

13 glucose 

14 glucose 

15 glucose 

16 insulin 

17 insulin 

18 insulin 250 





Overnight fasted rats received water or glucose (3 g/kg BW) 
orally via gavage or insulin (2 IU/kg BW) subcutaneously followed 
30 min by oral APM in doses of 0, 200 or 250 mg/kg BW. Animals 
were then allowed free access to a commercial chow for 60 minutes 
prior to sacrifice. 
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PLASMA LARGE NEUTRAL L-AMINO ACIDS . 


EXPERIMENTAL GROUP 

FIG. 2. Plasma levels of the large neutral amino acids; isoleucine 
(Ile), Leucine (Leu), valine (Val), phenylalanine (Phe), tyrosine 
(Tyr), and tryptophan (Trp), in overnight fasted rats (N=7) given 
treatments as outlined in Table 1 and allowed to consume commer- 
cial chow for one hour prior to sacrifice. Values represent the 
mean+standard deviation. Levels of statistical significance are as 
described in Fig. 1. 


tion, two other groups received IP 300 mg/kg BW para- 
chlorophenylalanine (p-CPA) or 2.5 mg/kg BW reserpine 23 
hours prior to food presentation (24 hours prior to sacrifice). 
These compounds deplete brain serotonin and monoamines, 
respectively [4,42]. 

One half of the animals were decapitated without 
anesthesia while the remainder were decapitated under di- 
ethyl ether anesthesia following blood sampling from the 
vena cava. Brains were rapidly frozen in n-hexane cooled by 
dry ice and acetone while bloods were heparinized and cen- 
trifuged at 1860 x g for 20 minutes. The separated plasma 
and brains were then stored at —40°C until analyzed. 

Plasma glucose was determined via the glucose oxidase 
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BRAIN LARGE NEUTRAL L-AMINO ACIDS 


EXPERIMENTAL GROUP 

FIG. 3. Brain levels of the large neutral amino acids Ile, Leu, Val, 
Phe, Tyr, and Trp in overnight fasted rats (N=7) given treatments as 
outlined in Table 1 and allowed to consume commercial chow for 
one hour prior to sacrifice. Values represent the mean+standard 
deviation. Levels of statistical significance are as described in Fig. 1. 


method [5]. Plasma LNAA levels were determined in 
5-sulfosalicylic acid protein-precipitated extracts using an 
amino acid analyzer (835, Hitachi, Ltd., Japan) with ninhy- 
drin derivatization. Brain LNAA, with the exception of Trp, 
were determined in trichloroacetic acid protein-precipitated 
extracts using an amino acid analyzer (Nihon Kohden Kogyo 
Co., Ltd., Japan). Brain Trp was determined fluorometri- 
cally [3,7]. Brain monoamine (DA, NE, serotonin) levels 
were determined in perchloric acid extracts by high perform- 
ance liquid chromatography with electrochemical detection 
[14,30]. 

In a second set of experiments groups of animals (N=8) 
were fasted overnight and received water (PO), glucose (3 
g/kg BW, PO), or insulin (2.0 IU/kg BW, SC) the following 
morning. Thirty minutes later animals received via gavage 
water or a dose of APM (200 or 250 mg/kg BW) and subse- 
quently allowed free access to the commercial diet for 60 
minutes prior to sacrifice. Animals were decapitated without 
anesthesia, brains removed and assayed for monoamine con- 
tent as described above. Table 2 summarizes the treatment 
groups. 

The statistical analyses were performed using analysis of 
variance and Student’s t-test between experimental and con- 


trol groups and between experimental groups with or without 
APM. 


RESULTS 


In the first experiment, plasma glucose concentrations in 
overnight fasted animals that received the two lower oral 
doses of glucose (1.5 and 3.0 g/kg BW, Groups 2 and 3) 
remained unchanged when compared to controls (Group 1), 
following 60 minutes mealing of commercial chow (Fig. 1). 
When animals received glucose, 6.0 g/kg BW orally (Group 
4) or 3.0 g/kg BW (Group 6), intraperitoneally, there was a 
significant increase in plasma glucose (p<0.01 and p<0.05, 
respectively). The combination of glucose and insulin 
(Group 5) led to a significant (p<0.05) fall in plasma glucose 
levels. The administration of 5-HTP (Group 7) slightly in- 
creased plasma glucose levels, while p-CPA (Group 8) and 
reserpine (Group 9) failed to influence plasma glucose levels. 
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EXPERIMENTAL GROUP 
FIG. 4. Brain levels of the monoamines dopamine, norepinephrine, 
and serotonin in overnight fasted rats (N=7) given treatments as 
outlined in Table | and allowed to consume commercial chow for 
one hour prior to sacrifice. Values represent the mean+standard 
deviation. Levels of statistical significance are as described in Fig. 1. 
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Fig. 5. Brain levels of the monoamines dopamine, norepinephrine, 
and serotonin in overnight fasted rats (N=8) given water, glucose or 
insulin followed 30 minutes later by 0, 200 or 250 mg/kg BW APM 
orally and then allowed one hour free access to commercial chow 
prior to sacrifice as outlined in Table 2. Values represent the 
mean+standard deviation. No statistical differences were observed 
between any of the groups. 
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Plasma LNAA concentrations were relatively unaltered 
by any of the glucose or insulin treatments with the excep- 
tion of tyrosine levels in animals receiving glucose 6.0 g/kg 
BW orally (Group 4) or 3.0 g/kg BW intraperitoneally (Group 
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6) where a slight decrease (p><0.05) was noted (Fig. 2). In 
addition, plasma leucine levels were unexpectedly in- 
creased slightly (9<0.05) in animals receiving the lowest 
dose of glucose (Group 2). Higher doses of glucose failed to 
alter plasma leucine levels. The administration of 5-HTP 
(Group 7) led to highly significant decreases in all the LNAA 
measured, while p-CPA (Group 8) treatment led to increases 
in isoleucine, leucine, valine, and phenylalanine in plasma. 
p-CPA also significantly decreased plasma Trp levels 
(p<0.001). Finally, the administration of reserpine (Group 9) 
failed to alter any of the plasma LNAA measured. 

The administration of glucose and/or insulin failed to alter 
any of the LNAA concentrations in brain when animals were 
allowed to consume chow for one hour prior to sacrifice (Fig. 
3). Likewise, 5-HTP (Group 7) was also without effect. In 
contrast, p-CPA (Group 8) decreased (p<0.001) brain levels 
of Val, Tyr and Trp. Reserpine (Group 9) only slightly in- 
creased (p<0.05) Tyr levels in brain when compared to con- 
trol. 

When brain monoamine levels were determined in 
animals treated with glucose and/or insulin, it was found that 
only a very slight decrease (p<0.05) in the levels of DA 
occurred in animals receiving 1.5 g/kg BW glucose orally 
(Group 2) and 3.0 g/kg BW glucose orally plus 2 IU/kg BW 
insulin subcutaneously (Group 5) (Fig. 4). These decreases 
barely reached significance while none of the other 
monoamines (NE, serotonin) were altered at all. Their 
pharmacologically active precursor, 5-HTP (Group 7), in- 
creased NE (p<0.01) and serotonin (p<0.001) while p-CPA 
(Group 8) and reserpine (Group 9) greatly decreased all the 
monoamines measured, especially serotonin (p<0.001). 
(p<0.001). 

In the second set of experiments (groups outlined in Table 
2), when animals first received water, glucose or insulin, 
followed by 0, 200 or 250 mg/kg BW APM and allowed to 
consume commercial chow for one hour, no changes in DA, 
NE or 5-HT were noted (Fig. 5). Additional animals received 
water or glucose followed by 300 mg/kg BW APM and chow 
for one hour, and again, no changes in monoamines were 
observed (data not shown). 


DISCUSSION 


The release of insulin produced by the consumption of a 
carbohydrate-rich protein-free meal, or the administration of 
insulin itself, causes elevations in brain 5-HT levels in over- 
night fasted rats (6, 9, 47]. These elevations were prevented 
if animals consumed a protein-containing meal as previously 
shown [13]. It has been shown that the administration of 
abuse doses of APM is capable of preventing this 5-HT in- 
crease when 3 g/kg BW glucose is given orally [47]. It is 
therefore postulated that acute behavioral or physiological 
sequelae may result from the use of high doses of APM, 
especially if taken with carbohydrate. APM in abuse doses 
also increases plasma and brain Phe and Tyr in fasted rats 
[11, 47, 48]. These elevations in brain Tyr were not paralleled 
by increases in the levels of the monoamines, DA and NE 
[11], nor were any behavioral effects noted when animals 
received 5% APM in the commercial protein-containing 
chow (Torii et al., submitted for publication). 
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The administration of 3 g/kg BW glucose orally to fasting 
rats usually leads to increases in plasma glucose levels. (This 
is the dose and route commonly used to elicit insulin release 
and its subsequent plasma and brain amino acid changes 
[47].) In our study where animals were allowed to consume 
the commercial chow, this dose failed to alter plasma glucose 
levels. Only at higher doses orally (6.0 g/kg BW) or by intra- 
peritoneal administration were slight increases in plasma 
glucose observed. In addition, the administration of insulin 
with glucose only slightly decreased plasma glucose levels. 
Similarly, none of the glucose treatments produced dramatic 
changes in plasma amino acids that would be expected in 
fasting rats. Unexplained slight decreases in plasma Tyr 
were noted. Even more striking was the lack of any effect of 
the glucose treatments on brain LNAA which failed to show 
any change or trends to change. The inclusion of protein in 
the chow made available for consumption most probably ac- 
counted for the lack of changes in plasma and brain LNAA 
seen in these animals [22, 26, 32]. As predicted, essentially 
no changes were observed in brain monoamines, illustrating 
the very close regulation of their syntheses within the body. 

The pharmacological tools employed (5-HTP, p-CPA, re- 
serpine) were used to demonstrate the ability of the biologi- 
cal systems studied to respond to known stimulants. In 
each case, expected changes of brain monoamines were ob- 
served and essentially not affected by the mealing, and thus 
illustrating the responsiveness of our test system (Fig. 4). 

In the present study, we have demonstrated the potent 
stabilizing effects of normal protein-containing meal con- 
sumption on plasma glucose and LNAA, and brain LNAA 
and monoamines in animals subjected to dietary manipulations 
normally associated with dramatic changes in fasting 
animals. We have shown no effects of APM (0-250 mg/kg 
BW) on the levels of brain monoamines when administered 
following water, and insulin-releasing dose of glucose, or 
insulin itself and then allowing animals to consume a com- 
mercial chow for one hour prior to sacrifice. The typical diet 
of humans who might ingest APM most likely will include a 
variety of foodstuffs including protein. Therefore, the sec- 
ond set of experiments conducted in the present study more 
closely mimic the metabolic environment likely to be 
encountered by human consumers of APM than the unphys- 
iological parameters seen in fasted rats. These data are in 
agreement with our previous findings (Torii et al., submitted 
for publication) which showed no behavioral effects, as 
measured by diurnal feeding pattern, meal size, and locomo- 
tion, or chemical effects as measured by brain monoamine 
level changes, in animals receiving abuse doses of APM 
along with a 25% casein diet for three weeks. 

So far as mealing is concerned, these resulting data could 
suggest that normal food consumption should have a possi- 
ble stabilizing effect upon the physiological responses to 
treatments thought to alter the normal biochemical balance 
in fasted animals not allowed to consume food. 
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TORII, K., T. MIMURA, Y. TAKASAKI AND M. ICHIMURA. Dietary aspartame with protein on plasma and brain 
amino acids, brain monoamines and behavior in rats. PHYSIOL BEHAV 36(4) 765-771, 1986.—Aspartame (APM; 
L-aspartyl-L-phenylalanine methyl ester), was investigated for its ability to alter levels of the large neutral amino acids and 
monoamines in overnight fasted rats allowed to consume meals with or without protein for two hours. Additionally, the 
possible long term behavioral consequences of APM in 25% casein diets with or without 10% sucrose were determined. 
Acute APM ingestion increased both plasma and brain phenylalanine and tyrosine levels, but brain tryptophan levels were 
not altered regardless of dietary protein. Brain norepinephrine and dopamine levels were unaltered by any of the diet while 
serotonin levels were slightly increased when a protein-free diet was consumed. But APM and/or protein ingestion 
minimized this increase of brain serotonin levels as much as controls. Chronic APM ingestion failed to influence diurnal 
feeding patterns, meal size distributions, or diurnal patterns of spontaneous motor activity. The chronic ingestion of abuse 
doses of APM produced no significant chemical changes in brain capable of altering behavioral parameters believed to be 


controlled by monoamines in rats. 
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ASPARTAME (L-aspartyl-L-phenylalanine methyl] ester, 
APM) is a synthetic sweetening agent approximately 200 
times sweeter than sucrose [20]. Through extensive labora- 
tory [1, 2, 15, 19, 23, 25, 26, 29, 32, 38] and clinical [17, 27, 
33, 34, 35, 36, 37] studies the safety of APM has been well 
established, and has led to its world-wide acceptance [21]. 
Taste perception of APM has species differences. Higher 
primates can respond to APM, but rodents, such as rats, are 
definitely unable to do it [22, 31, 38]. 

Studies have shown that following oral ingestion, APM is 
degraded in the gastrointestinal tract to  L-aspartyl- 
L-phenylalanine and/or its constituent amino acids, phenyl- 
alanine and aspartic acid [23, 26, 27]. Phenylalanine may 
then be converted to tyrosine in the liver via phenyl- 
alanine hydroxylase, and as expected, following the oral 
administration of APM, elevations in blood levels of both 
phenylalanine and tyrosine are observed [10,44]. These 
elevations in blood tyrosine lead to parallel increases in brain 
tyrosine, which is the precursor to the biologically active 
monoamines, dopamine (DA) and norepinephrine (NE) [11, 
12, 40, 41). 

Another equally important biologically active monoamine 
is serotonin (5S-HT) whose synthesis is dependent upon the 
availability of tryptophan [7, 8, 9]. Tryptophan’s entry into 
the brain is determined not simply by the amount of tryp- 
tophan in the blood, but also by the levels of the other large 
neutral amino acids (LNAA), leucine, isoleucine, valine, 


tyrosine, and phenylalanine, which share a common trans- 
port carrier at the blood-brain barrier [4, 9, 13]. 

It was observed that the increase in brain serotonin fol- 
lowing a protein-free diet was blunted by the co- 
administration of APM and this was probably due to the 
competition for uptake at the blood-brain barrier between 
tryptophan and APM metabolites, phenylalanine and 
tyrosine [42]. 

The focus of concern then shifted to the ability of 
phenylalanine, as an LNAA, to alter the uptake of other 
LNAA into the brain, especially the LNAA that act as pre- 
cursors for biogenic monoamines. In addition, the release of 
monoamines in the central nervous system has been shown 
to influence some aspects of behavior in animals and man, 
and this release has been shown to be affected in some in- 
stances by nutrients found in the diet [43]. 

This study was conducted to evaluate the alterations in 
monoamine levels in the brain of rats administered abuse 
doses of APM via the diet coupled with or without protein, 
and the changes in behavior when rats are fed 25% casein 
diet containing large amounts of APM. 


METHOD 


Male Sprague-Dawley rats (Charles River Japan, Inc., 
Japan) weighing 180-190 g (6 weeks of age) were used 
throughout the study. Animals were housed in pairs and 





TABLE 1 
EXPERIMENT | GROUPS AND DIET COMPOSITION 





Diet Composition (%, w/w) 
Group 


(N=16) Casein Sucrose Cornstarch APM Others 





Control (no diet offered) 
50.79 — 
45.79 5 
50.79 — 
45.79 5 14.21 
9.8 40.99 — 14.21 
Zero-time Control (no diet, sacrificed at time-zero) 


14.21 
14.21 
14.21 
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Overnight fasted animals were allowed free access to the test diet 
for two hours then sacrificed. *‘Others’’ included: 4% mineral mix- 
ture and 1% vitamin mixture (Oriental Yeast Co., Ltd., [30]), 4% 
powdered filter paper, 0.2% choline chloride, 0.01% tocopherol and 
5% corn oil. 


allowed free access to chow and water prior to experimenta- 
tion. The animal room was maintained at 22+1°C, with 
50-70% relative humidity and lighted from 7 a.m. to 7 p.m. 


Experiment |: Brain Monoamines in Fasted Rats Shortly 
Exposed to Diet Containing APM With or Without Protein 


One hundred and twelve rats were fasted for 15 hours 
overnight (5 p.m. to 9 a.m.) and divided into seven groups 
(N=16 per group). Animals were placed individually in 
polycarbonate cages and allowed free access to a test diet 
and water for two hours and the amount consumed deter- 
mined. Group | (controls) were given water but no diet dur- 
ing the two-hour test period while Group 7 (time-zero con- 
trols) were sacrificed at the beginning of the two-hour test 
period. The composition of the test diets and the groups 
consuming them are found in Table 1. Briefly, animals re- 
ceived diets with (Group 2 and 3) or without protein (Group 4 
and 5) and with (5%) or without APM. Another group (Group 
6) received a diet with 9.8% casein which contained the same 
amount of LNAA as the 5% APM group (Group 5). 

Two hours following introduction of the diet, except 
Group 7 which was sacrificed at time zero, half of the 
animals were decapitated without anesthesia and the brains 
rapidly removed and frozen in n-hexane cooled by dry ice 
and acetone while the other half of the animals were 
anesthetized with diethyl ether, and blood sampled from the 
vena cava. Blood was heparinized and centrifuged at 1860 x 
g for 20 minutes. The separated plasma and brains were then 
stored at —40°C until analyzed. Plasma levels of LNAA and 
aspartic acid were determined in sulfosalicylic acid protein- 
precipitated extracts using an amino acid analyzer (835, 
Hitachi, Ltd., Japan) with ninhydrin derivation. Plasma glu- 
cose was determined via the glucose oxidase assay [4]. Brain 
LNAA, with the exception of tryptophan, were determined 
in trichloroacetic acid protein-precipitated extracts using an 
amino acid analyzer (Nihon Kohden Kogyo Co., Ltd., Ja- 
pan). Brain tryptophan was determined fluorometrically 
[3,6]. Brain monoamine (DA, NE, 5-HT) levels were deter- 
mined in perchloric acid extracts by high performance liquid 
chromatography with electrochemical detection [14,28]. 
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FIG. 1. Plasma levels of large neutral amino acids; isoleucine (Ile), 
leucine (Leu), valine (Val), phenylalanine (Phe), tyrosine (Tyr), and 
tryptophan (Trp), in overnight fasted rats (N=8) consuming experi- 
mental diets for two hours, as outlined in Table 1. Values represent 
the mean+standard deviation. Significant differences between con- 
trol (Group 1) and experimental groups are marked: (a) p<0.05; (b) 
p<0.01; and (c) p<0.001. Significant differences between groups 
receiving aspartame (APM) and corresponding groups without APM 
are marked with asterisks: *p<0.05; **p<0.01; and ***p<0.001. 


Experiment 2: Behavioral Effects of Dietary APM 
Ingestion Chronically 


Thirty-six (N=6 per group) rats were housed individually 
in stainless-steel cages equipped with strain gauges for de- 
termination of food consumption every 10 minutes as previ- 
ously reported [38]. Each rat was given one of the experi- 
mental diets, listed in Table 2, and water ad lib for three 
weeks. The diets, which all contained 25% casein (sufficient 
to normal growth), had as their carbohydrate source only 
cornstarch (not sweet tasting) (Groups 8-10) or, 10% sucrose 
(sweet tasting) and the remaining carbohydrate as cornstarch 
(Groups 11-13). Diets also contained 5% APM (Groups 9 and 
12), which is not perceived as sweet tasting by rats unlike 
higher primates including man [22, 31, 38], 2.81% 
phenylalanine (Groups 10 and 13) which is the equivalent of 
amount phenylalanine in the added APM, or 2.24% as- 
paragine (Groups 8 and 11) as a control to maintain isonit- 
rogenous and isocaloric diets. The diurnal pattern to feeding 
and distribution of meal sizes for half of the rats (N=3 per 
group) were displayed using a micro-computer. The remain- 
ing rats (N=3 per group) were housed together in groups and 
given the same diets as above (Groups 8-13) for three weeks 
while spontaneous motor activity was determined for each 
10 minute period during the time of feeding on selected days 
(ANIMEX, Farad Electronics, Sweden). 

At the end of the three week period, all animals were 
anesthetized with diethyl ether and blood collected, ex- 
tracted and assayed for glucose, LNAA (as described above), 
aspartic acid and urea nitrogen assayed by the urea- 
indophenol method [16]. 

In both experiments data was analyzed using an analysis 
of variance and the Student's f-test. 
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TABLE 2 
EXPERIMENT 2 GROUPS AND DIET COMPOSITION 





Diet Composition (%, w/w) 
Group 


(N=16) Casein Sucrose Cornstarch APM Phe Asn Others 





i ome 
9 _— 
10 — 
11 10 
12 10 
13 10 


58.55 2.24 14.21 
55.79 a 14.21 
56.86 1.12 14.21 
48.55 2.24 14.21 
45.79 a= 14.21 
46.86 2.81 1.12 14.21 





Diets were prepared to be isonitrogenous as well as isocaloric to each other, being 
adjusted by L-asparagine (Asn) and cornstarch addition respectively. The amount of 
phenylalanine (Phe) added to diets was equivalent to that found in the added Aspartame 


(APM). ‘‘Others’’ is identical in composition to that listed in Table 1. 
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FIG. 2. Brain levels of large neutral amino acids in overnight fasted 
rats (N=8) consuming experimental diets for two hours, as outlined 
in Table 1. Values represent the mean+standard deviation. Abbre- 
viations and levels of statistical significance are as described in Fig. 1. 


RESULTS 
Experiment I 


The significant elevation of plasma glucose levels were 
observed (p<0.001) and its level were comparable to other 
groups allowed to consume the experimental diets (Groups 
2-6), regardless of diet containing APM and/or protein, when 
compared to control fasting animals (Groups 1 and 7). 
Plasma levels of the branched-chain amino acids (BCAA), 
isoleucine, leucine and valine decreased (p<0.001) when 
animals ingested protein free (Groups 4 and 5) or low protein 
(Group 6) meals when compared to control or protein ingest- 
ing animals (Fig. 1). Isoleucine, valine (p<0.001), and 
leucine (p<0.05) levels were decreased to a lesser extent in 
animals ingesting 9.8% casein (Group 6) when compared to 
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FIG. 3. Brain levels of the monoamines serotonin, dopamine, and 
norepinephrine in overnight fasted rats (N=8) consuming experi- 
mental diets for two hours, as outlined in Table 1. Values represent 
the mean+standard deviation. Abbreviations and levels of statistical 
significance are described in Fig. 1. 


those ingesting 0% protein (Group 4). In addition, isoleucine 
and valine levels were decreased to a lesser extent (p<0.05) 
when animals consumed the protein-free diet with 5% APM 
than when without APM. Plasma aspartic acid levels were 
essentially the same as controls except Group 4 (p<0.01), 
whether the diet contained APM and/or protein. Plasma 
phenylalanine and tyrosine levels significantly increased 
(p<0.001) in rats consuming either 25% protein diets with 
APM (Group 3) or protein free diet with APM (Group 5) 
where compared to controls (Groups | and 7) or the corre- 
sponding diet without APM (Groups 2 and 4, respectively). 
Tyrosine levels increased compared to control (9<0.001) 
when the 25% protein diet was consumed while these levels 
decreased compared to control (p<0.001) when the diet was 
void of protein and APM (Group 4). Plasma tryptophan 
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FIG. 4. The feeding pattern in rats fed 25% casein diet containing 5% aspartame (APM) or equivalent amount of phenylalanine (Phe). Male rats 
(N=3), 6 weeks of age, were fed 25% casein diet (isocaloric and isonitrogenous to each other) containing 5% APM, Phe (equivalent to APM) 
and Asn (control) with or without 10% sucrose. Individual feeding pattern of day 18 and 19 were displayed. 
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FIG. 5. Histogram of meal size from Day 6 to Day 21 for every 10 
minute interval in rats allowed to consume experimental diets as 
outlined in Table 2. Twenty-five percent casein diets were void of 
sucrose (top panel) or contained sucrose (bottom panel) and were 
isonitrogenous and isocaloric. Asparagine (Asn), aspartame (APM), 
phenylalanine (Phe) plus Asn were added to the diets to determine 
the effects of APM and an equivalent amount of Phe on meal size in 
sucrose containing and sucrose-free diets. Values represent the 
mean frequency (N=3 per group) for each meal size. No significant 
differences were noted between any of the groups. 


levels increased significantly in all groups consuming diet. 
The greater the amount of protein present in the diet (25% vs. 
9.8% vs. 0%), the greater the increase in plasma tryptophan. 

Brain levels of the BCAA decreased (p<0.001) when 
protein was absent from the diet (Fig. 2), in comparison with 
controls, and the inclusion of APM in the diet decreased 
levels even further (p<0.05) than when without APM. The 
addition of protein had differing effects although, uniformly, 
the inclusion of APM (Group 3) decreased brain BCAA 
levels when compared to the similar protein containing 


APM-free group (Group 2). Brain isoleucine levels de- 
creased, while valine and leucine brain levels were un- 
changed following consumption of the protein diet (Group 2). 
The consumption of any of the experimental diets led to 
increased (p<0.001) brain phenylalanine and tyrosine levels. 
The inclusion of APM significantly (p><0.001) increased 
these levels even further whether protein was present or not 
in the diet when compared to their respective control groups 
without APM. Brain phenylalanine and tyrosine levels were 
not different between animals ingesting 9.8% protein (Group 
6) and animals ingesting the protein-free, APM-free diet 
(Group 4). Brain tryptophan levels were increased (p<0.001) 
when animals consumed protein-free diet without APM 
(Group 4) and this increase was prevented when APM was 
added to the diet (Group 5). APM (Group 3) also decreased 
(p <0.05) brain tryptophan levels compared to the APM-free 
diet (Group 2) when protein was present in the diet. 

Brain levels of DA and NE were not altered in any of the 
groups consuming diet when compared to controls (Fig. 3). 
The addition of APM also did not alter brain DA or NE levels 
when groups are compared to their respective APM-free 
controls. Brain 5-HT, on the other hand, was significantly 
lower in animals consuming diets with APM added when 
compared to their respective APM-free controls (Group 3 vs. 
Group 2, p<0.05; Group 5 vs. Group 4, p<0.001). Also, a 
similar reduction can be elicited by the addition (via 9.8% 
casein) of the equivalent amount of LNAA found in APM 
(Group 6 vs. Group 4, p<0.01). 


Experiment II 


The diet consumption and growth (as measured by weight 
gain) in rats fed isonitrogenous, isocaloric diets, with or 
without: (1) APM, (2) an equivalent number of moles of 
phenylalanine, or (3) the sweet-tasting sucrose, were not 
significantly different among any of the groups tested 
(Groups 8-13). The addition of APM failed to alter the diur- 
nal pattern of feeding throughout the 21 day test period (Fig. 
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SPONTANEOUS MOTOR ACTIVITY IN RATS BY ANIMEX 

FIG. 6. Spontaneous motor activity in rats (N=3 per group) fed a 
25% casein diet with or without 10% sucrose and 5% aspartame 
(APM) or an equivalent amount of phenylalanine (Phe). Upper panel 
represents the mean counts per 10 minute period throughout the 
feeding period, while the lower panel represents the mean cumula- 
tive counts throughout the same period. Animals in group 8 were 
tested on Day 2, Group 9 on Day 16, Group 10 on Day 6, Group 11 
on Day 10, Group 12 on Day 18, and Group 13 on Day 13. Abbre- 
viations are as described in Fig. 4. No significant differences were 
noted between any of the groups. 


4). The meal size distribution was similarly unaltered by 
APM or an equivalent amount of phenylalanine (Fig. 5). 
Likewise, the diurnal pattern of spontaneous motor activity 
was not altered when APM was added whether sucrose was 
present or absent from the diet (Fig. 6). 

Plasma urea-nitrogen, glucose, BCAA, phenylalanine, 
tryptophan and aspartic acid were not different in any of the 
groups tested. 

Plasma tyrosine levels were slightly greater (p><0.05) in 
animals ingesting sucrose-free or sucrose-containing diets 
when APM was added (Groups 9 and 12 vs. Groups 8 and 11) 
Fig. 7). The addition of an equivalent amount of 
phenylalanine, as is found in APM, likewise tended to in- 
crease plasma tyrosine levels (Fig. 7). 


DISCUSSION 


In the present study, we have been able to show that 
plasma amino acids respond in a predictable way when APM 
is ingested. The BCAA were not altered by APM when APM 
was included in the diet containing protein. APM added to 
protein-free diets caused a very small increase in some of the 
BCAA similar to that seen when an equivalent amount of 
LNAA is added in the form of protein (9.8% casein). Plasma 
phenylalanine and tyrosine levels were elevated as expected 
when APM was added to the protein-free or protein- 
sufficient diet. The addition of 9.8% casein also increased 
plasma phenylalanine and tyrosine when compared to 
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FIG. 7. Plasma concentration of phenylalanine (Phe), tyrosine (Tyr) 
and tryptophan (Trp) in rats fed 25% casein diet containing 5% aspar- 
tame (APM) or equivalent amount of Phe. Male rats (N=6), 6 weeks 
of age, were fed 25% casein diet (isocaloric and isonitrogenous to 
each other) containing 5% APM, Phe (equivalent to APM) and Asn 
(control) with or without 10% sucrose. Data are expressed as mean 
value with a standard deviation. Significant differences were ob- 
served only in plasma Tyr levels in Group 9, 12 and 13, the figures 
being marked with asterisks: *p<0.05 and **p<0.01. The differ- 
ences were not significant in plasma Tyr levels between Group 9 and 
10, and Group 12 and 13, respectively. 


protein-free diet without APM, but both elevation levels 
were at a lesser degree. Plasma tryptophan levels were in- 
creased depending upon the protein ingestion but the inclu- 
sion of APM did not alter at all. 

There were large increases in brain tyrosine and 
phenylalanine when APM was included in the diet. These 
increases were not paralleled by increases in whole brain 
levels of DA or NE. The possibility exists that regional 
differences in DA or NE occurred that were left undetected 
and that might cause behavioral changes. This is probably 
not the situation as shown by the lack of effect of APM on 
diurnal and spontaneous motor activity. Again, even though 
brain tryptophan and serotonin levels were slightly reduced 
when APM was included in the short term mealing, the long 
term ingestion at a level of 5% (w/w) did not alter the con- 
sumption of food, diurnal feeding patterns or weight gain in 
these animals. These facts supported a report that overnight 
fasted rats were administered by gavage 200 mg/kg APM and 
the blood and brain phenylalanine and tyrosin increased ex- 
pectedly but no changes in DA, its metabolites dihy- 
droxyphenylacetic acid and homovanillic acid, or NE in 
brain occurred [10]. 

In addition, treatments that increase the ration of tryp- 
tophan to the sum of its competing LNAA, such as the in- 
gestion of a protein-free diet or insulin injection, increase the 
synthesis of 5-HT [5, 8, 39]. This increase in 5-HT could 
potentially be minimized by the co-ingestion of protein or a 
large amount of any of the competing LNAA such as the 
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phenylalanine found in APM and its metabolite tyrosine. It 
was also reported that the increase in brain 5-HT and its 
metabolite 5-hydroxyindoleacetic acid (S-HIAA) was com- 
pletely blocked following carbohydrate if APM was co- 
administered [42,44]. The administration of APM alone 
failed to alter brain 5-HT and 5-HIAA [10, 42, 44], suggesting 
that both phenylalanine and tyrosine could work the tryp- 
tophan entry into the brain within normal limits. 

Present studies clearly show that brain levels of serotonin 
may be slightly altered from expected values when APM is 
acutely ingested, but that over a three week period of APM 
consumption there are no changes observed in behavioral or 
functional parameters. This indicates that brain monoamines 
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are strictly regulated within narrow ranges that do not allow 
for observable changes. People who routinely use APM as a 
sweetener should not expect to find changes in behavioral or 
functional parameters due to the many homeostatic mech- 
anisms in the body. It is also highly unlikely that people will 
consume large amounts of APM due to its excessive sweet- 
ness. 
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STRASSER, S. AND A. K. DIXON. Effects of visual and acoustic deprivation on agonistic behaviour of the albino mouse 
(M. musculus L.). PHYSIOL BEHAV 36(4) 773-778, 1986.—Male mice of the LAC strain were allowed to form territories 
in 2X2x1 m artificial enclosures. Territory holders were provided with contact lenses or earplugs and their agonistic 
responses were analyzed in order to assess the relative importance of vision and audition in this type of social behaviour. It 
was shown that three distinct phases of the agonistic response towards intruder mice can be recognized. These represent 
physiologically distinct albeit functionally related events: (1) detection, (2) chasing (or tracking), (3) attacking. Whereas 
deprivation of vision primarily impaired attacking, acoustic deprivation diminished active tracking of intruders. Detection 
was severely impaired by acoustic deprivation and also to some extent by visual deprivation. 


Mouse Contact lenses 


Earplugs 


Agonistic behaviour 


Visual deprivation Acoustic deprivation 





THE mouse (M. musculus L.) has the usual complement of 
mammalian senses. However, being nocturnal, its predomi- 
nant sensory modality is frequently regarded as primarily 
olfactory. Partly for this reason, researches on murine com- 
munication have focussed upon the chemical senses, particu- 
larly with respect to reproduction and agonistic behaviour. 
For example, mouse urine has been shown to influence sex- 
ual [8,9] and aggressive [20,24] behaviour as well as induce 
physiological changes [6, 33, 35] in reproductive status, ef- 
fects attributed to olfactory mechanisms. However, other 
sensory modalities are also used to coordinate social be- 
haviour. 

A number of studies have shown that mice, as well as 
other rodents, rely on acoustic stimuli [27] and especially 
ultrasound as a means of communication in both social and 
non-social situations. One of the earliest findings was that of 
Anderson [1] in 1954 who showed that laboratory rats 
produced pure tones of 23-28 kHz lasting 1-2 sec, when 
alone in the cage. More recent studies [13,26] further impli- 
cate ultrasounds in _ controlling aggression, sexual 
encounters, and a correspondence of different ultrasounds 
with particular behavioural activities was suggested in a 
semiotic study [14]. Nevertheless, the precise function of 
acoustic signals in mediating behavioural responses in mice 
remains unknown. 

Even less is known about vision. Blind mice fight and 
mate without much difficulty [3,32], observations in line with 
Kalkowski’s contention [17] that visual cues are not essential 
mediators of social interactions, at least in caged mice. In 
contrast, Mackintosh [22] has shown that in large en- 
closures, male mice appear to use visual cues for the detec- 
tion of territorial boundaries. 


These findings illustrate the need to investigate the way 
various sensory modalities interact in order to modify spe- 
cific types of behaviour. We have investigated the effects of 
visual and acoustic deprivation on mice exhibiting one form of 
agonistic behaviour, namely, the defence of territories as 
established within artificial enclosures. The results show that 
these modalities appear to mediate important social func- 
tions in the mouse. 


METHOD 
Subjects and Procedure 


All mice were LAC adult males, aged 7-8 weeks when 
obtained from the suppliers (Bromfield, England). After ar- 
rival they were kept, as groups of 20 individuals, in makrolon 
cages (59x38.5x20 cm, type 4). Throughout this and the 
experimental period, mice were maintained under a reversed 
lighting schedule, i.e., bright white light from 20:00-08:00 hr 
and dim red light (5-7 Lux) during the intermediate period. 
At 12 weeks of age, mice were marked with hair dye and, by 
means of the method described by Mackintosh [20], allowed 
to form territories. This involved placing sets of 4 mice on 
both sides of a removable partition dividing a 2x2x1 m 
sheet-aluminium enclosure into two equal halves. Use was 
made of four such enclosures, each being equipped with 
sawdust, food pellets, water bottles and small wooden boxes 
affording the mice cover. In each enclosure a despotic domi- 
nance hierarchy developed on either side of the partitions, 
and when the latter were raised two months later, it was 
found that the dominant mouse from each half of the en- 
closure defended an individual territory. These territories 
were used for the experiments according to the following 
procedure. 





TABLE 1 
SUMMARY OF EXPERIMENTS 





Experiment Procedure Deprivation Type 





1 training session (3 x) — 
test session E. no deprivation 
ze acoustic 


training session (3 x) —_ 
test session sl no deprivation 
2 visual 


training session (3x) _— 
test session a no deprivation 
‘a acoustic & visual 





N=number of different territory holders tested in the experiment. 


In all, three experiments were performed, each consisting 
of 3 initial training sessions of 20 minutes, carried out once a 
day on 3 successive days, and followed by 2 test sessions on 
the next 2 days. On training sessions, 5 group-housed males 
(used for all experiments) were introduced simultaneously 
into an enclosure for 20 minutes. Territory holders usually 
chased and attacked the intruders which never fought back. 
Subordinate residents which tried to attack the intruders 
were themselves attacked by territory-holding mice and 
quickly withdrew to places of refuge. By the third such train- 
ing session, the responses of dominant animals towards the 
intruders, and the responses of the intruders stabilized, i.e., 
the elements of agonistic behaviour remained statistically 
unchanged. Test sessions were performed between 09:00 and 
12:00, the procedure being the same as described for training 
except that the agonistic behaviour of the territory holders 
was now recorded on video tape, using a camera (RCA, 
TC2000, tube: ULTRICON 4833U, sensitive to light of ap- 
proximately 0.2 Lux) mounted 1.2 m above the enclosures in 
an oblique position. In the first test session, the territory 
holders were undeprived of any sensory modality (control 
run). Twenty minutes before the second test session the 
Same animals were either acoustically deprived (Experiment 
1), visually deprived (Experiment 2) or both (Experiment 3). 
Thus each animal served as its own control. For each type of 
deprivation, 8-10 territory holders were tested. Since the 
procedure necessitated the repeated use of the enclosures, 
the contents of each were removed between use, and walls 
and floors washed with detergent to reduce odours. Details 
of numbers of animals used, tests performed etc., are sum- 
marized in Table 1. 


Deprivation Techniques 


(1) Visual deprivation was performed reversibly by fitting 
the mice with opaque scleral contact lenses as conceived and 
designed in our own laboratory. First a template was pre- 
pared (Fig. 1a). For this, an albino mouse was killed with an 
overdose of Halothane (Hoechst GmbH, Germany) and 
enucleated. The eyes were then rinsed in 0.9% NaCl solution 
and cast in epoxy two component resin (RUCO, Rupf and 
Co. AG, Switzerland), the cornea facing downward. The 
resin was left to dry and harden during the night. The epoxy 
block was then filed down to the rear rim of the cornea so 
that the eye could easily be removed. To apply a vacuum, a 
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FIG. 1. (a) Sections of the template used to form contact lenses. (b) 
Mouse wearing contact lenses (left) and control animal (right). 
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FIG. 2. Typical response of a territory defending mouse towards an 
intruder animal. The numbers on the arrows refer to the transition 
probabilities (1= 100%). 


0.4 mm hole was drilled through the middle of the resin until 
it reached the eye mould (Fig. 1a). To form contact lenses, a 
square of cellulose acetate foil (ULTRAPHAN 0.14 mm, 
Lonza, Germany) was placed over the open end of the 
template and heat-moulded. The lenses were trimmed with a 
specially designed knife and covered on the inside with a 
layer of TIPP-EX fluid (Tipp Ex Vertrieb GmbH and Co. 
KG, Germany). Opacity was tested in a spectroscope 
LAMBDA 3 (Perkin Elmer, USA) and the extinction proved 
to be more than 5 log-units throughout a range from 350 to 
750 nm, i.e., the lenses were virtually opaque. Lenses were 
fitted in mice lightly anaesthetised with Halothane. Exam- 
ination of the eyes after lenses were removed at the end of 
experiments yielded no obvious signs of damage, e.g., 
corneal dullness, etc. and indeed the eyes appeared to be 
healthy. 

(2) Acoustic deprivation was effected by earplugs. 
Silicone rubber (SILASTIC 734 RTV, Dow Corning, USA) 
was injected into the ear of the anaesthetised mouse and 
after drying blocked the external auditory meatus. After test 
sessions the earplugs were easily removed with a pair of 
tweezers. The effect of earplugs was tested by recording 
startle- and pinna-reflex in response to an acoustic stimulus, 
i.e., Clapping hands. Both reflexes were absent in the de- 
prived state. 
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FIG. 3. Effects of acoustic deprivation on the agonistic response of 
territorial male mice. F and D refer to mean frequency and duration 
of observed elements per 20 min expressed as % (+SEM) of corre- 
sponding maximal values. (lok: locomotion, cha: chasing, att: 
attend, sak: successful attack, uak: unsuccessful attack, bnd: cros- 
sing of territorial boundary; *p<0.05, **p<0.02, ***p<0.01.) 


Behavioural Measurement and Analysis 


From the video films, the behaviour of the territory 
holders under control and under each deprivation-condition 
was measured in terms of the following parameters: 


locomotion (lok): 


all forms of mobility except chasing 
attend (att): 


obvious (re)alignment of head to 
position of stimulus 

chasing of another mouse 

aimed attack and delivery of a bite 

misdirected attack without bite of 
conspecific 

crossing of territorial boundary 

termination of pursuit at boundary 

termination of pursuit within terri- 
tory 


chase (cha): 
successful attack (sak): 
unsuccessful attack (uak): 


cross boundary (bnd): 
lose at boundary (lab): 
lose (Ise): 


The frequency (F) and duration (D) of these elements, 
occurring during a 20 min observation period, were deter- 
mined using a modified version of an apparatus, specially 
designed for this purpose [15]. 


Proximities Between Mice 


Distances between mice were measured off from the TV 
screen. However, because of the oblique angle of the cam- 
era, such pictures were subject to perspective distortion. 
This was overcome by using a transparent grid of known 
scale and having the same distortion as the picture. By plac- 
ing the grid over the screen, distances between mice were 
measured directly and, by referring to the scale of the grid, 
then transposed into actual values. 


Statistical Analysis 


Differences between the mean frequencies and durations 
of elements under the various conditions of deprivation were 
calculated using the Wilcoxon matched-pairs signed-ranks 
test, the null-hypothesis being rejected at a two tailed signifi- 
cance of p<0.05. 


RESULTS 
Shortly after introducing the group-housed males into the 
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FIG. 4. Effects of visual deprivation on the agonistic response of 
territorial male mice (for explanation of symbols see Fig. 3). 


enclosure, territory holders attacked them. Figure 2 shows 
an ethological analysis of the agonistic behaviour of territory 
holders (control animals) towards intruder mice. The num- 
bers given are the transition probabilities between the rele- 
vent behavioural elements. 

The results presented in the following sections are based 
on these observations. 


Acoustic Deprivation 


In these experiments territory holders were provided with 
silicone-rubber earplugs (N=9) which, as shown in Fig. 3, 
had several effects on the behaviour of these mice. Thus, 
locomotion was significantly increased (T=3, p<0.02). Ch- 
ases occurred less often, were shorter (T=0, p<0.01) and 
ended with a ‘‘lose’’ in 83+8% (Mean+SEM) of the ob- 
served cases (control value: 8+2%). Attends were strongly 
reduced (T=0, p<0.01). Regarding attacks, no difference be- 
tween controls and acoustically deprived animals could be 
found. The same holds true for the time spent by a mouse in 
its own territory (T>12, p>0.05). 


Visual Deprivation 


The results shown in Fig. 4 depict the effects of visual 
deprivation, as effected by means of contact lenses, on 
agonistic behaviour (N=10). No significant changes were 
found in locomotion, duration and number of chases and 
attends (T>10, p>0.05). Successful attacks were signifi- 
cantly diminished in visually deprived animals (T=0, 
p<0.01), whereas unsuccessful attacks reached a higher 
level (T=0, p<0.01). The time spent by a dominant mouse 
within its own boundaries was unchanged as in the acousti- 
cally deprived state (T=14, p>0.05). 


Combined Acoustic and Visual Deprivation 


The results considering combined visual and acoustic 
deprivation (N=8) are depicted in Fig. 5. As can be seen, 
chasing behaviour was almost completely absent. Only very 
few attends occurred. Successful attacks were less frequent 
(T=0, p<0.01), whereas no difference between controls and 
animals with combined deprivation was found regarding un- 
successful attacks (T=9, p>0.05). Locomotion was in- 
creased (T=2, p<0.05) but no changes were found in the 
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FIG. 5. Effects of combined acoustic and visual deprivation on the 
agonistic response of territorial male mice (for explanation of sym- 
bols see Fig. 3). 


time a territory holder spent within its own boundaries (T=9, 
p>0.05). 


Critical Proximities for ‘‘Attend’’ to Occur 


When territory holders exhibited an ‘‘attend,’’ measure- 
ment of the proximities between these animals and an in- 
truder mouse were found to be the values represented in 
Table 2. Animals with combined deprivation showed only 
very few ‘‘attends’’ and were observed to do so only when 
they were within touching distance of an intruder. 


DISCUSSION 


Close observations of social encounters in artificial en- 
closures of the type reported here allow three main phases of 
the agonistic response, of territorial mice towards intruders, 
to be recognized: (1) detection (i.e., an animal shows an 
“*attend’’), (2) chasing (or tracking), (3) attacking. The pres- 
ent results clearly show that selective deprivation of the vis- 
ual and auditory senses exerts profound impairment on these 
phases albeit to differing degrees. Thus, whereas deprivation 
of vision primarily impaired the attacking phase, acoustic 
deprivation strongly impaired active tracking of intruders. 
The initial detection phase was severely impaired by acous- 
tic deprivation and also to some extent by visual deprivation. 
Although it is realized that at certain points of the response 
sequence, interactions between these senses may occur, 
generally a specific sensory modality predominates, suggest- 
ing therefore that the three phases are not merely arbitrary 
but represent physiologically distinct, albeit functionally re- 
lated events. 

Our results, showing that mice can release and aim their 
attacks by means of visual cues, are in contrast with Kal- 
kowski’s statement [17] that mice do not use visual cues in 
social communication. However, it remains to be investi- 
gated whether the above described order of events, as de- 
termined in a territorial situation, also holds for agonistic 
encounters in situations where proximities between the 
animals are closer, e.g., caged mice. 

That vision may be an important sensory modality in 
Orientation and navigation under laboratory [22] as well as 
under natural conditions has been shown in various species, 
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TABLE 2 


CRITICAL PROXIMITIES (MEAN + SD in cm) BETWEEN 
TERRITORY HOLDERS AND INTRUDER ANIMALS FOR THE 
FORMER TO SHOW THE ELEMENT “ATTEND” 





distance for ‘‘attend”’ 


moving 
intruder 


stationary 
intruder 





71.4 + 22.9 
dominant 18.0 + 3.2* 


8.9 + 3.07 
10.5 + 2.27 


non-deprived dominant 


acoustically 
deprived 


visually dominant 70.1 


deprived 


acoustically and dominant 


visually deprived 





*Significantly different from non-deprived dominant (t-test, p><0.01, 
two tailed). 

+Significantly different from moving intruder (t-test, p><0.01, two 
tailed). 

— *‘Attend”’ occurred only when the dominant was within touch- 
ing distance of an intruder. 


notably Peromyscus leucopus (2), Apodemus sylvaticus [16] 
and Mus Musculus [25]. The present results also raise ques- 
tions as to the capabilities and limitations of the sensory 
processes underlying the observed behavioural phenomena. 

The capacity to recognize and discriminate visual pat- 
terns is essential for the localization of objects and for ap- 
propriate reactions towards changing stimuli. As long ago as 
1907 Yerkes [37] found that mice are capable of quite dif- 
ficult pattern discriminations at a distance of about 8 cm 
from the stimuli [5]. Our results are in accord with these 
early findings since it was found that stationary conspecifics 
could be detected by acoustically deprived mice at distances 
of about 10 cm, as measured using the grid procedure. Fur- 
thermore, our findings that moving intruders were detected 
up to 18 cm by acoustically deprived mice indicate that mice 
are more susceptible to moving visual stimuli than to station- 
ary ones. That mice have relatively poor visual acuity is 
attested to by their lack of a fovea [34] and the fact that their 
retinae are only loosely packed with photoreceptors [18]. 
These facts, together with our results, indeed support the 
contention that visual detection in mice favours movement. 
This may be sufficient for the mouse to notice a predator 
entering the almost periscopic visual field. On the other hand 
mice can also judge distances of intruders and launch visu- 
ally guided attacks (Fig. 3). Whether this is due to the bin- 
ocular field of vision of the mouse [11,34] or if there are 
retinal zones having a finer photoreceptor grating (i.e., the 
zone that projects from the overlapping fields of vision) re- 
mains to be investigated. 

Behavioural studies of sound perception in laboratory 
mice revealed two sensitivity peaks, one at 15 kHz and a 
second one at about 50 kHz [23], the sensivity at 15 kHz 
reaching almost 0 dB (SPL). In addition, recent results show 
that mice, being stimulated at 80 kHz, can accurately lo- 
calize a loudspeaker under closed loop conditions [12]. Al- 
though it is realized that acoustic sensitivity may vary be- 
tween different laboratory strains, this could explain our 
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findings that visually deprived animals can use very faint 
noises made by conspecifics to localize them. Since in their 
chases territory holders could accurately track intruders on 
the bases of their noises, it is suggested that chasing be- 
haviour must have a distinct neuronal correlate, the exact 
nature of which remains to be determined. In this context it 
is of possible relevance that auditory cortex lesions do not 
abolish conditioned spatial sound discrimination in rats [19]. 

Although olfaction is known to be of great importance for 
the release of agonistic behaviour in mice [16], it seems to be 
of minor influence for the localization and tracking of an 
intruder. Visually deprived animals showed no attends 
towards stationary intruders (Table 2) and in territory 
holders with combined deprivation, chases, attends and at- 
tacks ocurred only when the intruders were within touching 
distance (Fig. 5). 

In our experiments, visual and acoustic deprivation was 
achieved by the use of opaque contact lenses and silicone- 
rubber earplugs. These techniques are not only cheap and 
reliable but also reversible and would appear to cause the 
least possible discomfort to the animals. Although the design 
of contact lenses has been suggested before [4)—though of a 
different kind—their use in animal experiments of the type 
reported here has been rare. Concerning earplugging, al- 
though this method may not have rendered the animals 
completely deaf, the plugs were obviously effective enough 
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to prevent deprived animals from responding behaviourally 
to the noises of conspecifics. The chosen techniques not only 
avoid painful operative insult to the animals, such as optical 
enucleation and lid suture [7,36] and auditory canal ligation 
[28], they also provide an alternative to that of enriching the 
sensory environment in order to study the role of sensory 
modalities. 

In conclusion, the present results seem to attest that the 
applied deprivation techniques are suitable to study the be- 
haviour of mice under semi-natural conditions. Although 
much uncertainty still surrounds the way the different senses 
interact so as to contribute to integrative perception and 
coordination of behaviour, our study suggests that the sen- 
sory events reported here may also have significance for 
natural populations of feral mice. 
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ALLEVA, E., A. CAPRIOLI AND G. LAVIOLA. Postnatal social environment affects morphine analgesia in male mice. 
PHYSIOL BEHAV 36(4) 779-781, 1986.—Seventy-eight male mice of the Swiss CD-1 strain were maintained from birth to 
weaning either in litters containing only male pups (MM), or in litters containing both male and female pups (MF). Body 
weight gain and neurobehavioral development were assessed, and no differences between MM and MF males were found. 
On postnatal day 40 one male from each litter (N=13 per group) was injected either with vehicle (saline solution, 8%e) or 
with morphine (5 or 10 mg/kg). Fifteen min after the injection, forepaw licking latencies were measured in a hot plate test 
(55+ 1°C). MF males showed longer latencies than MM males, and this difference was statistically significant after both 
morphine doses. These results indicate that the function of systems mediating response to painful stimulation and opiate 
analgesia can be affected by variations in early social conditions. 
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Social interactions 
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THERE is now substantial evidence for a role of endogenous 
brain opioids in the regulation of social responses [1, 4, 10- 
12]. In addition, several experiments have shown an influ- 
ence of social environment on opioid system functioning. 
Brief periods (1-4 days) of social isolation increased pain 
responsivity in young rats, while concurrently decreasing the 
analgesic efficacy of morphine [8]. Conversely, when 
animals were isolated for prolonged periods (3-13 weeks) 
responsivity to morphine increased [2,6]. The subtlety of 
these interactions is chown by another experiment using 
young rats isolated for 10 days, save for brief periods of 
social interaction (5 min of pairing on alternate days). In fact, 
at 33 days (*H)diprenorphine binding in brain was reduced in 
animals grouped for 30 min before sacrifice, relative to 
animals not grouped [9]. 

The present experiment used male Swiss mice to assess 
the effects of different litter gender compositions in the 
postnatal period on neurobehavioral development and sub- 
sequent reactivity to painful stimulation and morphine. 
Animals were reared from birth to weaning either in litters 
containing only male pups (MM), or in litters containing both 
male and female pups (MF). Postnatal somatic and 
neurobehavioral development were assessed by conven- 
tional procedures [3]. A hot plate test was used to assess the 
response to painful stimulation at 40 days either without or 
with morphine treatment. 


METHOD 
Animals, Breeding, and Rearing Conditions 


Male and nulliparous female mice of the Swiss-derived 


outbred CD-1 strain (25-28 g) were purchased from Charles 
River Italia (22050 Calco, Italy). Upon arrival at the labora- 
tory the animals were housed in an air conditioned room 
(temperature 21+ 1°C, relative humidity 60+ 10%) with lights 
on from 9:30 p.m. to 9:30 a.m. Pellet food (Enriched stand- 
ard diet purchased from Piccioni, 25100 Brescia, Italy) and 
water were continuously available. Thirty pairs were formed 
and housed in 33x 13x 14 cm Plexiglas boxes with sawdust as 
bedding and a metal top. The females were inspected daily at 
9:00 a.m. for the presence of vaginal plug and for delivery 
(postnatal day 1). The stud was removed 10 days after the 
finding of the plug. 

Pregnant mice were randomly assigned to the MM or MF 
group. At birth, litters of the MM group were culled to 6 male 
pups, while MF litters were culled to 3 male and 3 female 
pups. In four cases the gender composition of the litter made 
it impossible to respect the original assignment. These litters 
were excluded from the experiment, which used 13 litters in 
each of the two groups. 

At weaning (day 21) all females and three randomly 
selected males from each of the MM litters were sacrificed. 
The remaining three males in each litter were left undis- 
turbed (save for routine maintenance) in the maternity box 
until the day of hot plate testing. 


Developmental Measures 


Body weight was assessed on postnatal days 1, 3, 7, 14, 
18, and 40. Animals were individually weighed to the nearest 
0.01 g on a Mettler PK-300 balance which was set for auto- 
matic compensation of variations due to movements during 
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FIG. 1. Mean latency (+S.E.M.) to first paw lick in a hot plate test 
at 40 days of male mice reared in all male (MM) or male and female 
(MF) litters. One animal from each litter was injected IP with either 
0 (saline), 5, or 10 mg/kg of morphine 15 min before testing. N= 13 
per group. 


weighing. The remaining measures were selected as devel- 
opmental markers of critical stages in mouse ontogeny ac- 
cording to a slightly modified Fox [3] procedure. These test 
assessed whether or not the animal had developed an adult- 
like performance in Righting (assessed on days 3 and 7), Cliff 
aversion (day 3), Forelimb placing (days 3 and 7), Cliff aver- 
sion (day 3), forelimb placing (days 3 and 7) and Hindlimb 
placing (day 7). On days 14 and 18 the animals were checked 
for Eyes opening and Ears opening and given a Screen climb- 
ing test. In the latter they were placed at one end of a 
wiremesh screen (15X15 cm, each mesh 1X1 cm). The 
screen was then rotated to a vertical position to assess 
whether or not the animal would show a climbing response. 
All measurements took place between 10:00 and 12:00 
a.m., that is, during the initial hours of the light-dark cycle. 


Treatments and Hot Plate Test 


Hot plate tests were performed at 39-41 days. The three 
male mice available in each litter were assigned at random to 
one of the following treatments: vehicle (saline solution, 8%o) 
or morphine sulfate (Carlo Erba, 25100 Milano, Italy) 5 or 10 
mg/kg. Immediately after the injection each animal was re- 
turned to the home cage for 15 min and then placed on a hot 
plate (Model-DS37, Socrel) maintained at 55+1°C. This 15 
min treatment-test interval was chosen on the basis of pre- 
liminary tests using mice of the same strain, sex, and age, 
which showed similar effects of morphine in the hot plate 
test with different intervals in the 15-25 min range. The time 
from the beginning of the test to the first licking of a forepaw 
(latency time) was recorded (cutoff time 100 seconds). All 
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tests took place between 10:30 and 12:30 a.m., and the dif- 
ferent groups were counterbalanced for time of testing. 


RESULTS 


The data on body growth (analyzed by a nested design 
ANOVA with repeated measures) and the data on 
neurobehavioral development (analyzed by Chi-square tests) 
failed to show significant effects of litter gender composition. 
Therefore, these data need not be reported in detail. 

The results of the hot plate test are depicted in Fig. 1. 
Means and variances were correlated, resulting in a signifi- 
cant variance heterogeneity, p<0.01 by a Levene test. Chere- 
fore, the data were subjected to the appropriate ANOVA 
(i.e., with litters nested under the litter gender composition 
factor and considered as blocks with respect to the drug 
treatment factor) after square root transformation eliminat- 
ing such heterogeneity (p>0.1). Latencies to first paw lick 
were significantly affected both by the rearing variable, 
F(1,24)=7.76, p=0.01, and by the drug variable, 
F(2,48)=45.36, p<0.001. Between-group comparisons by the 
Newman-Keuls test showed a significant difference between 
MF and MM males treated by morphine at either the 5 mg/kg 
dose (p<0.05) or the 10 mg/kg dose (p<0.01), but not in the 
vehicle treatment condition. 


DISCUSSION 


The results of our study confirm and extend previous ob- 
servations concerning the influence of social environment on 
response to pain and morphine analgesia [2, 6, 8]. Specifi- 
cally, male mice raised in all-male litters showed a less 
marked analgesic response to morphine than male mice 
reared in litters with a balanced gender composition. This 
difference was apparently specific since it was not related to 
variation of somatic and neurobehavioral development as a 
function of litter gender composition. Moreover, it was ob- 
tained by a manipulation quite different from those used in 
previous studies, which compared the different effects of 
group and individual housing. 

It is also worth noting that the results so far reported in 
the literature were obtained by testing animals shortly after 
the end of the period of enforced social condition [2, 6, 8]. In 
the present study the interval between the end of exposure to 
different social conditions and testing was 20 days. There- 
fore, the results may constitute the first demonstration of a 
long-term (‘‘organizational’’) effect of early social experi- 
ence on systems which serve pain sensitivity and/or mod- 
ulate response to painful stimulation. 

At the present stage of the work it is not possible to de- 
termine which factor was responsible for the differences re- 
lated to early social environment. Interferences with opioid 
system functioning can affect play behavior in juvenile rats 
{1]. Therefore, one working hypothesis may be that the na- 
ture of the interactions between pups of the same litter can 
affect the development and subsequent function of this sys- 
tem. On the other hand, differential postnatal maternal ef- 
fects due to variation of the dam’s behavior depending on 
litter gender composition, must also be considered [7,13]. As 
concerns the mechanisms involved in the production of the 
observed differences, subsequent research will need to con- 
sider both opioid and non-opioid systems which interact in 
the modulation of pain sensitivity and various components of 
the response to pain (see e.g., [5]). 
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KINSLEY, C. AND B. SVARE. Prenatal stress reduces intermale aggression in mice. PHYSIOL BEHAV 36(4) 783-786, 
1986.—Prenatal stress (heat and restraint) significantly reduced intermale aggression (percentage of animals fighting and 
the number of attacks and lunges) in Rockland-Swiss Albino mice. These data, in combination with previous reports 
showing deficits in male copulatory responses, suggest that a wide array of androgen-dependent social behaviors may be 


influenced by prenatal stress. 
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WHEN exposed to heat and restraint stress during gestation, 
the male offspring of pregnant females are demasculinized 
and feminized with respect to the exhibition of copulatory 
behavior during adult life. Prenatally-stressed males exhibit 
reductions in mounts, intromissions, and ejaculations (e.g., 
{S, 11, 13, 16]) and elevations in lordosis quotients (e.g., 
[8,16]). These alterations are thought to be related to pertur- 
bations in fetal testosterone exposure [17,18], disruptions in 
aromatizing enzyme activity [19], and/or alterations in the 
morphology of the sexually dimorphic nucleus of the preop- 
tic area (SDN-POA) [1]. While prenatal stress appears to 
have no effect on other sexually-differentiated behaviors in 
males such as avoidance responding and open-field activity 
(e.g., [12]), to our knowledge, other aspects of androgen- 
dependent social behavior in prenatally-stressed males have 
not been explored. Because the perinatal hormone require- 
ments for male sexual behavior and intermale aggression are 
similar [e.g., both require testicular hormone stimulation 
during early life (e.g., [7,9])], one would predict that prenatal 
stress should also lower intermale aggression. The present 
experiment sought to examine if, and to what degree, pre- 
natal stress affects intermale aggression in mice. 


GENERAL METHOD 


The animals for the present experiment were Rockland- 
Swiss (R-S) albino mice born and reared in our colony at the 
State University of New York at Albany. At 60 days of age, 
R-S females were timed-mated by placing them with stud 
males and were checked daily for the presence of a copulat- 





ory plug. Upon discovery of a plug (Gestation Day 0), the 
females were isolated in 28 x 18x 13 cm polypropylene cages, 
the floors of which were covered with wood shavings. The 
females were provided with ad lib access to food (Charles 
River Mouse Chow) and water. The colony room tempera- 
ture was maintained at a constant 24+1°C, with a 12/12 hr 
light/dark cycle (light onset at 6:00 a.m.). 

On the morning of Gestation Day 13 (gestation length in 
R-S mice is 19 days), the females were randomly assigned to 
one of two groups. One group of pregnant animals (N= 16) 
was exposed to heat and restraint stress according to the 
method of vom Saal [15]. Briefly, this involved placing the 
female into a 7.89x2.73 cm Plexiglas restraint tube over 
which were poised two 150 watt flood lights. This configura- 
tion produces 350 foot candles of illumination and an am- 
bient temperature within the restraint tube of 38°C. The 
stress procedure was administered beginning on day 13 of 
gestation and continued through day 18, for a total of six 
days. There were three 30-minute stress sessions conducted 
each day at 8:30 a.m., and 12:30 and 4:30 p.m. (This regimen 
of heat and restraint, though adapted from vom Saal [15] for 
our purposes, has been shown to effectively disrupt sexual 
behavior in male rats [16].) The control pregnant mice 
(N=15) were simply left undisturbed for the duration of time 
the stressed group was treated. The animals were checked 
for delivery at 6:00 p.m. and again at 8:00 a.m. Stress during 
pregnancy apparently did not alter the duration of gestation 
since animals of both groups delivered within this 14 hr 
period of time. At 8:00 a.m. on the day of parturition, the 
male offspring from both stressed and control mothers were 
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FIG. 1. The median number of lunges (top panel) and the median 
number of attacks (bottom panel) exhibited by Rockland-Swiss 
(R-S) albino mice that were prenatally stressed (STRESSED) or 
were not disturbed (CONTROL). (Numbers above the histograms 
refer to the proportion (and percentage) of animals exhibiting lung- 
ing or attacking on at least one aggression test. Medians were com- 
puted only for those animals exhibiting aggression on at least one 
test.) Heat and restraint stress was administered three times a day 
between days 13 and 18 of gestation. Following 9 weeks of isolation 
in adulthood, the animals were tested for intermale aggressive be- 
havior on three consecutive days (total of 3 tests). For this purpose, 
adult olfactory-bulbectomized males were placed into the homecage 
of the experimental animals for 15 minutes. 


TABLE 1 


MEAN (+S.E.M.) ANOGENITAL DISTANCE (AGD) (mm), BODY WEIGHT (BW) (g), 
AND RELATIVE AGD (AGD/BW x 100) AT BIRTH FOR PRENATALLY-STRESSED 
AND CONTROL MALE MICE 





Relative 
N AGD BW AGD 





Stressed 43 1.60 (+0.02)* 1.33 (+0.02)* 120.91 (+2.45) 
Control 40 1.86 (+0.03) 1.50 (+0.02) 123.54 (+2.55) 





*Significantly different from Controls, p<0.01. 
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fostered to recently parturient dams to eliminate any possi- 
ble differences due to postnatal maternal effects. Litters 
were adjusted to approximately 6-8 males and were weaned 
at 25 days of age. The animals were maintained in groups of 
4-6 from the time of weaning to the time of isolation (60 days 
of age). 

At 60 days of age, stressed (N=31) and control (N=21) 
animals were isolated and left undisturbed except for routine 
maintenance. No more than two males were selected from 
any single litter. Following nine weeks of isolation, the 
animals were tested for intermale aggressive behavior. (This 
period of isolation was selected since it has previously been 
shown to induce high levels of aggressive behavior in out- 
bred male mice (e.g., [14]).) An adult, olfactory- 
bulbectomized male was introduced into the cage of each 
animal for 15 minutes. These opponents are routinely used in 
intermale aggression testing since they elicit high levels of 
agonistic behavior but rarely fight back in response to being 
attacked [2]. The number of lunges (rapid thrusts toward the 
opponent failing contact) and attacks (biting and grappling 
with the opponent) were recorded during the test session. 
We also recorded during the aggression test session the pres- 
ence or absence of mounting behavior since we had observed 
in pilot work that prenatally stressed males frequently would 
exhibit this behavior toward intruder males. At the time of 
testing, the observers were naive to the treatment condition 
of the subjects. The animals were tested for aggression on 
three consecutive days. Following the final test the animals 
were sacrificed and weighed. 

To examine the effects of prenatal stress on external mor- 
phology, separate groups (N=7 litters/group) of prenatally- 
stressed and control males were assessed at the time of birth 
for anogenital distance (AGD), body weight (BW), and rela- 
tive AGD (AGD/BW x 100). The AGDs were determined to 
the nearest mm by means of a dissecting microscope fitted 
with a micrometer disk eyepiece. All male pups from each 
litter were used in the assessments. Thus, 43 stressed and 40 
control males were assessed for the above parameters. 


RESULTS 


Figure 1 portrays the median number of lunges and at- 
tacks for prenatally-stressed and control males. As is appar- 
ent from the figure, prenatally-stressed males were generally 
less aggressive than their control counterparts. Prenatally- 
stressed males exhibited significantly fewer lunges and at- 
tacks than did control animals (Mann-Whitney U, z=4.2, 
p<0.01, and z=3.6, p<0.02 respectively). Moreover, in con- 
trast to the high proportion of control males that exhibited 
lunging and attacking on at least one test day, significantly 
fewer prenatally-stressed male mice exhibited these behav- 
iors (for lunging, 21/21 (100%) vs. 23/31 (74%) respectively, 
Fisher Exact Probability Test, »><0.01; for attacking, 21/21 
(100%) vs. 25/31 (81%) respectively, Fisher Exact Probability 
Test, p<0.04). Prenatally-stressed animals exhibited lunging 
and attacking on significantly fewer test days than did con- 
trol males (median number of test days in which attacking 
occurred=1 and 3 respectively, Mann Whitney U Test, 
z=3.0, p<0.003; median number of test days in which lung- 
ing occurred=2 and 3 respectively, Mann Whitney U Test, 
z=2.1, p<0.03). Instead of exhibiting aggression during the 
experimental test session, our informal observations indi- 
cated that prenatally-stressed animals tended to spend more 
time in mutual anogenital exploration. Also, a significantly 
greater proportion of prenatally-stressed males in compari- 
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son to control males attempted to mount the opponent on at 
least one test day (10/31) (32%) vs. 1/21 (5%), respectively, 
x*(1)=4.2, p<0.04, correction for low cell frequency). The 
incidence of mounting behavior was equally distributed be- 
tween nonaggressive and aggressive prenatally stressed 
males. Finally, when weighed following the last aggression 
test, prenatally-stressed males were heavier than control 
males (mean body weight (+S.E.M.)=37.3 (+0.5) and 35.3 
(+0.5) respectively, 1(50)=2.7, p<0.03). 

Table 1 summarizes the data for anogenital distance 
(AGD), body weight (BW), and relative anogenital distance 
(AGD) for prenatally-stressed and control males at the time 
of birth. Prenatally-stressed males exhibited significantly 
shorter AGDs than did controls, #(81)=7.3, p<0.01. There 
was, however, a difference between the two groups in body 
weight, with prenatally-stressed males weighing significantly 
less than controls, 1(81)=6.2, p<0.01. We were obliged, 
therefore, to calculate the relative AGD to correct for body 
weights, and in so doing, found there to be no significant 
difference between the two groups in this measure of virili- 
zation, #(81)=0.7, p>0.05. 


DISCUSSION 


The results of the present study clearly show that prenatal 
stress induced by heat and restraint significantly reduces the 
aggressive behavior exhibited by isolated male mice when 
they are confronted by a conspecific intruder. Both the 
number of animals exhibiting aggression as well as the in- 
tensity of the behavior (number of lunges and attacks) are 
reduced following prenatal stress. Thus, our findings, in 
combination with those of Ward [16] before us, suggest that a 
wide array of sociosexual behaviors in male rodents may be 
altered by prenatal stress. 

It is thought that prenatal stress disrupts copulatory be- 
havior by altering the secretions of the fetal pituitary- 
testicular axis and/or the functioning of brain areas known to 
be responsive to these hormones (see introduction). Just 
how agonistic behavior is influenced by prenatal stress is 
unknown at the present time. Anogenital distance, a bioas- 
say for prenatal androgen exposure, was unaffected by pre- 
natal stress in the present report. Although beyong the scope 
of the present experiment, it would be of interest to know 
whether or not the concurrent administration of testosterone 
during perinatal life could override the apparent demas- 
culinizing effects of prenatal stress on aggression. Recent 
work shows that such supplemental testosterone injections 
during neonatal life protect male rats from the deficits nor- 
mally observed in copulatory behavior following prenatal 
stress [4]. Alternatively, we can not rule out the possibility 
that changes in body weight and/or reduced lactation per- 
formance during the immediate postpartum period either di- 
rectly or indirectly modified the intermale aggressive behav- 
ior exhibited by males stressed during prenatal life. Prena- 
tally stressed males exhibited reduced body weight at birth, 
though this may have been a reflection of deficient lactation 
performance since the animals were exposed to their natural 
mothers for periods of up to 14 hours prior to fostering. The 
fact that prenatal stress also elevated body weights during 
adulthood, suggesting that overcompensation may have re- 
sulted, also can not be ruled out as an important mediating 
factor in the behavioral results obtained here. 

When confronted with bulbectomized male opponents, 
prenatally stressed males often displayed mounting behav- 
ior, a response that was seldom bbserved in control animals. 
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This finding is especially curious in view of earlier work 
showing deficits in the copulatory behavior of prenatally 
stressed male rats (e.g., [13,16]). Notwithstanding differ- 
ences in species as well as the nature of the stimulus object 
(we used male opponents while earlier work used females), 
the argument could be made that the prenatally stressed 
animals in our study exhibited elevations in homosexual be- 
havior. This conclusion however may be erroneous since 
homosexuality in rodents may bear no relationship to what it 
denotes in humans [3,6]. 

Our findings are consistent with a recent report by Har- 
vey and Chevins [10] showing that another form of stress 
during pregnancy, overcrowding, reduces the intermale ag- 
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gression exhibited by male offspring. They further found that 
the adult administration of testosterone to prenatally 
stressed male mice restored the proportion of animals dis- 
playing fighting but did not elevate the intensity of agonistic 
behavior (number of attacks, chases, etc.) to the level of 
controls. Adequate exposure to testosterone during early life 
(organizational component) as well as pubertal and adult life 
(activational component) is an important requirement for the 
normal expression of aggressive behavior in male mice. The 
extent to which prenatal stress effects on intermale aggres- 
sion are modulated by disruptions in developmental patterns 
of pituitary-testicular function is a question of obvious im- 
portance for future research. 
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DALE, R. H. I. Spatial and temporal response patterns on the eight-arm radial maze. PHYSIOL BEHAV 36(4) 787-790, 
1986.—Six maze-experienced hooded rats were timed during five trials on which they collected water from all arms of an 
eight-arm radial maze, then made five more choices. All subjects frequently exhibited a ‘‘task-completion pause:"’ The 
subjects rarely spent more than | sec in the center of the maze between choices until they had entered all eight arms, then 
stopped in the center of the maze. In contrast, the time spent in each arm gradually increased until all of the water had been 
obtained, then decreased slightly. Four subjects began every trial by choosing eight consecutive adjacent arms. The 
task-completion pause indicates that these subjects recognized when all of the arms had been entered, without having to 
repeat one. Therefore, even extreme degrees of response stereotypy do not imply a fundamental dependence on response 


strategies. 
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SPATIAL memory in rats has been studied by measuring the 
efficiency with which they obtain food from all of the arms of 
an eight-arm radial maze [13]. During studies of the sensory 
basis of radial maze performance [4], subjects frequently 
stopped in the center of the maze after choosing all eight 
arms, but before repeating any of them. This ‘‘task- 
completion pause’’ suggests that subjects often recognize 
when all of the available reward locations have been visited, 
without having to return to one. Several reports have men- 
tioned observing the same phenomenon [3,24], without 
providing any supporting evidence. The following experi- 
ment concerns several characteristics of the task-completion 
pause. 

For subjects selecting each arm of a maze on the basis of 
its location relative to a set of extramaze stimuli [13,22], the 
task-completion pause is not surprising: in fact, two simple 
models of spatial memory predict it [11,20]. On the other 
hand, subjects depending solely on response algorithms, 
such as ‘“‘choose adjacent arms in a clockwise direction” 
[13], would not be expected to pause after choosing the 
eighth arm. They would be expected to pause, if at all, only 
after encountering an unbaited arm. The task-completion 
pause thus provides one way of determining whether sub- 
jects exhibiting a high degree of response stereotypy are rely- 
ing solely on response strategies to solve the radial maze 
problem. A pause indicates that additional processes are in- 
volved. 

High degrees of response stereotypy commonly occur 
when rats are tested on the radial maze: in particular, sub- 





jects choose sequences of adjacent arms [5, 7, 10, 15, 17, 22, 
24, 26]. Similar response patterning has been observed in 
Betta splendens [19], pigeons [2,18], mice [6,16], gerbils [25] 
and children [1]. Given the prevalence of response patterning 
in radial maze experiments, it is important to demonstrate 
that the presence of response stereotypy, by itself, does not 
imply the exclusive use of a response algorithm. 


METHOD 
Subjects 


Six male hooded rats served as subjects. They were about 
5 months old, and had had 25 trials of radial maze experi- 
ence at the start of the experiment. They were allowed free 
access to food in their home cages, but were maintained at 
80% of their free-feeding weights by providing only 5 min 
daily access to water. They were individually housed at 20- 
22°C under a 12 hr:12 hr light/dark cycle. The housing room 
was dimly illuminated during the ‘‘dark’’ phase of the cycle 
and brightly lit during the “‘light’’ phase of the cycle. 


Apparatus 


The radial maze consisted of eight equally-spaced arms 
projecting radially outwards from a central, octagonal plat- 
form, with adjacent arms being separated by 45°. The central 
platform was 31 cm wide and each of the arms was 76 cm 
long and 7.5 cm wide. The maze was painted grey. There was 
a small plastic cup 2.5 cm from the outer end of each arm. 


‘Requests for reprints should be addressed to Robert Dale, Department of Psychology, Southeastern Louisiana University, P.O. Box 690, 


University Station, Hammond, LA 70402. 





TABLE 1 
MEAN CENTER TIMES AND ARM TIMES DURING A TRIAL 





Subject 


Choice? 





1 

2 Center 
3 Time* 
4 (sec) 

5 

6 


Group mean 
1 

2 Arm 

3 Time* 

4 (sec) 

5 

6 


Group mean 





*Time before each choice. 
+Time in arm after choice. 


¢Choices —7 to —1 are the last seven choices before all water was collected from 
the arms of the maze. Choices +1 to +4 are the first four choices after all of the water 


had been collected. 


The test room was 2.0m by 3.5 m, with a sink, counter, 
boarded windows, fan vent, door and fluorescent ceiling 
lights providing a variety of potential visual and auditory 
cues. The experimenter wore a lab coat throughout testing 
and always sat in the same location in the room. The test 
room was dimly illuminated by a bank of fluorescent ceiling 
lamps. Response rates were recorded using a Rustrak event 
recorder (Gulton Industries). 


Procedure 


All subjects were tested once a day, for 11 days, during 
the dark phase of their light cycle. A subject was placed in 
the central platform of the radial maze, and allowed to col- 
lect 0.3 ml of water from each of the eight cups on the maze. 
Each subject was permitted to make five choices after all of 
the water had been obtained during a trial, making a total of 
at least 13 choices per trial. The sequence in which the arms 
were chosen was recorded manually. A Rustrak recorder 
was used to measure the time spent on the central platform 
between choices (center time) and the time spent in an arm 
after choosing it (arm time). These response measures were 
recorded for all except the last choice on each trial. The 
criterion for entering the center of the maze was that a sub- 
ject’s nose crossed the vertical plane dividing an arm from 
the center platform; the criterion for entering an arm was 
that the root of the subject’s tail crossed the same plane. 


RESULTS 


The mean center times and arm times during each sub- 
ject’s last five trials are presented in Table 1. The mean 
center times and mean arm tim:s are shown for the last 
seven choices before all of the water was obtained on a trial 
(Choices —7 to — 1) and for the next 4 choices (Choices +1 to 
+4). For example, the center time for Choice —5 represents 


the time spent in the center of the maze when five choices 
remained before all of the water was collected, and the arm 
time for Choice —5 represents the time spent in the arm 
selected five choices before all of the water had been ob- 
tained. This somewhat cumbersome terminology was neces- 
sary because one subject (No. 2) made one error (repetition) 
before obtaining all of the water on each of three trials. For 
the other five subjects, who always chose eight different 
arms with their first eight choices, Choices —7 to —1 corre- 
spond to the second through eighth choices during a trial, 
respectively. 

The mean center times for all subjects followed the same 
pattern. Individual subjects crossed the center of the maze in 
1-2 sec until all of the water had been obtained, then paused 
in the center of the maze for means of between 10 sec and 57 
sec. The mean center times decreased across subsequent 
choices. While only 3 out of 210 choices (1.4%) before the 
water was depleted involved a center time of 5 sec or more, 
23 out of 30 choices (76.7%) made immediately after the 
water was depleted (Choice +1) had a center time of at least 
5 sec. An analysis of variance was conducted to compare the 
mean center times across choices within a trial, after the 
center times had been transformed to reduce the unequal 
variances across choices (y=log,o(x+ 1)) [8]. The mean center 
times changed significantly across choices, F(10,50)=31.27, 
p<0.01. A post-hoc analysis (Newman-Keuls, p<0.01) indi- 
cated that there were no differences among the center times 
for Choices —7 to —1, but that the center time for Choice +1 
was significantly longer than any of the preceding center 
times. 

The mean arm times presented a different pattern across 
choices within a trial. The mean arm times gradually in- 
creased from about 10-12 sec early in a trial to about 20-25 
sec when the last cup of water was obtained. In contrast to 
the center-time data, there was no increase in arm times after 
all of the water had been obtained. An analysis of variance 
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conducted across choices, with transformed arm times 
(y=log,o(x)) [8], indicated that the arm times changed signifi- 
cantly across choices, F(10,50)=4.69, p<0.01. A post-hoc 
analysis (Newman-Keuls, p<0.01) found no significant 
differences among Choices —5 to +4. While the subjects 
spent a relatively long time in each arm, much of that time 
was spent drinking. According to samples taken on earlier 
trials (75 observations per subject), the subjects required 
about 10 sec to consume the water in each arm of the maze, 
and there was no increase in drinking time across choices 
during a trial. 

Response stereotypy was measured by the number of 
adjacent-arm transitions made before and after all of the 
water had been collected from the arms of the maze. Five 
subjects emptied the eight water cups in the minimum of 
eight choices on every trial, while the remaining subject (No. 
2) required eight choices on two trials and nine choices on 
three trials. All subjects made five choices after all of the 
water had been obtained on a trial. The percentages of 
adjacent-arm choices before (and after) obtaining all of the 
water were 14 (36), 24 (12), 100 (64), 100 (64), 100 (80) and 
100 (36) for Subjects 1 through 6, respectively. In other 
words, four subjects always chose adjacent arms while col- 
lecting the water from the maze, while two subjects did not. 

It is notable that the mean task-completion pause (choice 
time before Choice +1) for the four ‘‘adjacent-arm’’ sub- 
jects, 37.3 sec, was much longer than the task-completion 
pause for the two subjects which did not exhibit such re- 
sponse stereotypy, 10.5 sec. This is not what one would 
expect if subjects exhibiting response stereotypy were rely- 
ing on response algorithms, whereas subjects not showing 
response stereotypy were relying on memory for environ- 
mental cues. 


DISCUSSION 


The data clearly show that experienced, normal rats 
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tested on the radial maze pause in the center of the maze as 
soon as they have obtained all of the rewards from the arms 
of the maze, and before re-entering any of the arms. This 
task-completion pause indicates that subjects recognize that 
they have entered all of the arms as soon as they have done 
so. The task-completion pause was evident even when sub- 
jects exhibited strong response stereotypy during the trial, 
and it is difficult to see why an animal choosing arms entirely 
on the basis of a response algorithm should stop as soon as 
the last reward had been obtained. Therefore, for intact rats, 
even dramatic response stereotypy does not allow us to infer 
that the animals are relying on a response algorithm. Other 
evidence is required before such a conclusion may be drawn 
[12,27]. The subjects in this experiment apparently engaged 
in stereotyped responding in addition to selecting arms on 
the basis of another strategy, rather than relying on a re- 
sponse algorithm instead of some other strategy. 

Te relationship between response strategies and ob- 
served response patterns is important because response pat- 
terns are quite prevalent in radial maze studies, and because 
of the possibility that response strategies, even when they 
are used, are simply a convenience for the sake of foraging 
more efficiently [26]. Determining the relationship between 
response stereotypy and response algorithms may be particu- 
larly important for subjects given brain lesions [9, 14, 23] or 
treated with drugs [15, 21, 24] for the express purpose of 
disrupting memory systems. Such manipulations may selec- 
tively eliminate one of several strategies available to an intact, 
untreated animal. For these subjects, any inference that the 
manipulation has caused a change in strategy must be made 
cautiously [9, 14, 21]. Several procedures [12,27] allow one to 
determine whether subjects perform effectively after the use of 
response algorithms has been eliminated. The task-completion 


pause measure will allow one to determine, without a change 
in procedure, whether subjects currently exhibiting response 
stereotypy are depending solely on response algorithms. 
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Editorial 


The introduction of the new Software Survey Section to 
Physiology & Behavior is to encourage the open exchange of 
information on software programs unique to our professional 
field. With the rapid penetration of computers into academic 
and industrial institutions has come a parallel increase in the 
number of scientists and researchers designing their own 
software. The existence of much of this software remains 
unknown to even those of us who could most benefit from its 
use. We believe that it is of vital importance to our readers 
that such information be made available. We believe also 
that a professional journal is the best place to share such 
information. Your contribution would be most welcome. 

The questionnaire on the following page is designed to 
assist you in reporting on software that you may have devel- 
oped or be in the process of developing. By completing this 
form, your information will reach thousands of your col- 
leagues who may benefit from your work and may possibly 
offer suggestions for further enhancements to your software. 
Please complete the enclosed form and return it to: 


Dr. Matthew J. Wayner 

Division of Life Sciences 

The University of Texas at San Antonio 
San Antonio, Texas 78285 


We do not intend to review or comment on the contents of 
the questionnaire. It will be published as is, in the next avail- 
able issue, in order to expedite the information cycle proc- 
ess. | would welcome any comments you may have. 





Physiology & Behavior 


SOFTWARE DESCRIPTION FORM 


Title of Software Package: 











Itis: [| ] Application Program [ ] Utility [ ] Other 


Specific Area: (e.g., Thermodynamics, Inventory Control) 
Software developed for [name of computer(s)] 


in [language(s)] to run under [operating system] 
and is available in the following media: 

















[ ] Floppy Disk/Diskette Specify: 
Size Density { ] Single siding [ ] Dual siding 
[ ] Magnetic Tape Specify: 
Size Density Character set 
Distributed by: 
Minimum Hardware Configuration Required: 
Required Memory: 
User Training Required: [ ] Yes [ ]No 
Documentation: 
[ ] None [ ] Minimal [ JSelf-documention [ |] Extensive External Documentation 
Source Code Available: [ |] Yes [ ]No 
Level of Development: 
[ ] Design Complete [ ] Coding Complete [ ] Fully Operational 
{ ] Collaboration would be welcomed 
Is software being used currently? [ ] Yes [ ]No 
If yes, how long? 
If yes, how many sites? 
Contributor is available for user inquiries? [ ] Yes [ ]No 
Description of what Software does [200 words]: 














Potential Users: 
Fields of Interest: 
Name of Contributor: 
Institution: 
Address: 




















Telephone Number: 
Reference number [Assigned by Journal Editor] 
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Maternal Behaviors in Female Mice’ 
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KINSLEY, C. H., C. M. KONEN, J. L. MIELE, L. GHIRALDI AND B. SVARE. Intrauterine position modulates 
maternal behaviors in female mice. PHYSIOL BEHAV 36(5) 793-799, 1986.—Intrauterine position (IUP), the proximity of 
a fetus relative to same and opposite sex fetuses, is a reliable predictor of the direction and intensity of social and regulatory 
behaviors in adult male and female mice. In the present experiment, female Rockland-Swiss (R-S) mice who had resided in 
utero between two females (0M) and females who had resided between two males (2M) were compared with respect to five 
indices of maternal behavior: Spontaneous parental responses exhibited toward neonates; nestbuilding during pregnancy; 
aggression during pregnancy; aggression during lactation; and reproductive/lactation performance. There was no signifi- 
cant difference between 0M and 2M females in their spontaneous parental responses toward neonates or their level of 
nestbuilding behavior during pregnancy. However, when tested for aggression during pregnancy and lactation, 2M females 
exhibited aggression on a greater number of test days during pregnancy than did 0M females. Also, during pregnancy and 
lactation, 2M females displayed more lunges and attacks toward adult male intruders than 0M females. Although 0M 
females tended to have larger litters than 2M females, the animals did not differ with respect to any other measure of 
reproductive/lactation performance. Intrauterine position, therefore, modulates some aspects of maternal behavior but 


apparently not others. 


Intrauterine position 
Nestbuilding 


Maternal behavior 
Females 


Maternal aggression 


Reproduction Lactation 





SEXUAL differentiation of reproductive characteristics in 
mammals is regulated by perinatal exposure to steroid hor- 
mones (e.g., [2,6]). Testicular androgens, either directly or 
through their aromatization to estrogen, stimulate masculine 
morphology, physiology, and behavior. The relative absence 
of androgens, in combination with the presence of low con- 
centrations of placental estrogens, are thought to stimulate 
the development of feminine reproductive characteristics. 
Among the many factors known to modulate variability in 
the sexual differentiation of polytocous (multiple-birth) ro- 
dents, the intrauterine location of an animal relative to 
fetuses ~ the same and opposite sex recently has been 
shown to account for a significant degree of the individual 
variation normally observed in reproductive characteristics 
(e.g., [3, 4, 26, 28, 29, 30]). In mice, the subjects of our 
research, females that develop in utero between two males 
(2M females) have higher amniotic fluid and fetal blood titers 
of testosterone (T) than females that do not develop next to a 
male fetus (0M females) [31]. When compared to 0M females 
in terms of morphology and behavior, 2M females exhibit 
longer anogenitial spacing at birth (an androgen dependent 
event) and exhibit higher levels of male-like copulatory be- 
havior as well as interfemale and postpartum aggression [8, 
26, 30]. Also, 2M females are less sexually attractive, exhibit 





longer estrous cycles, achieve puberty later, are less profi- 
cient in active avoidance responding, and exhibit more loco- 
motor activity [9, 10, 18, 32]. Female mice that reside be- 
tween one male and one female in utero tend to be inter- 
mediate in the above reproductive characteristics (e.g., [8]). 

Although intrauterine position has been examined with 
respect to a wide variety of social, regulatory, and acquired 
behaviors in female mice, we are unaware of any systematic 
attempts to study the influence of this variable on maternal 
responses. In the present study, then, we explored the ef- 
fects of prior intrauterine contiguity on a representative 
sample of maternal behaviors including spontaneous paren- 
tal behavior toward young, nestbuilding during pregnancy, 
aggression during pregnancy and lactation, and lacta- 
tion/reproductive performance. 


GENERAL METHOD 
Subjects 


Primiparous Rockland-Swiss (R-S) albino mice, born and 
reared in our vivarium at the State University of New York 
at Albany, served as subjects. Females 60 to 80 days of age, 
were timed-mated by placing them with a sexually experi- 
enced male. Upon discovery of a copulatory plug (desig- 


!This work was supported in part by a Grant from the Harry Frank Guggenheim Foundation. 
*Requests for reprints should be addressed to Dr. Bruce Svare, Department of Psychology, SUNY-Albany, 1400 Washington Ave., Albany, 
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nated Gestation Day 0), the females were isolated in 
29x 19x 13 cm polypropylene cages and were provided with 
food (Charles River Mouse Chow) and water ad lib. The 
vivarium in which all animals were kept was maintained on a 
12/12 hr light/dark cycle, with lights on at 6:00 a.m. The 
temperature was maintained at a constant 23+1°C. 

The procedure for procurement of animals from different 
intrauterine locations was a modification of that employed 
with success by vom Saal (see [26] for details). At 8:00 a.m. 
on the 18th day of gestation (generally 12 to 16 hours prior to 
term) each female was cervically dislocated, a midline inci- 
sion was made down the ventrum, and the uterine horns 
were exposed. Each fetus was removed in the order found, 
daubed and cleansed with a physiological saline solution 
(0.9%), sexed, and its intrauterine location recorded. The 
fetuses were next placed on absorbent toweling under heat 
lamps (ambient temperature, 36°C). They were allowed to 
remain on the toweling for approximately 90 minutes, after 
which time they were again sexed and the following two 
groups of animals formed: Females who resided between 
two females (0M females); and females who resided between 
two males (2M females). (Females located next to one male 
fetus and one female fetus (1M female) were not used in this 
experiment. As previously noted, other workers (e.g., [8,28]) 
have reported that behavioral and morphological charac- 
teristics of such animals are intermediate between that of OM 
and 2M females.) The neonates were next fostered to lactat- 
ing R-S female mice who had delivered during the prior 
2448 hours. In order to approach a more natural condition, 
litters of 4-6 young were comprised of several of the same 
IUP animals and an equal number of opposite sex littermates 
(1M males). The subjects used in the present experiments, 
then, were the caeserian-derived offspring of a pool of ap- 
proximately 395 timed-mated females. Animals were weaned 
on day 25 and housed according to IUP in groups of 4-6. 


Behavioral Testing 


Behavioral testing commenced at 60 days of age. With the 
exception of tests for maternal aggression (pregnancy- 
induced and postpartum), no animal was used for more than 
one behavioral test. Also, behavioral testing was conducted 
by observers who were unaware of the intrauterine position 
of the animals. 

Spontaneous maternal behavior. A total of 30 0M females 
and 30 2M females were randomly selected from respective 
pools of 0M and 2M females and isolated. Following 24- 
hours of isolation, the females were presented with a single, 
1-3 day old Rockland-Swiss albino mouse pup. The behavior 
of the adult toward the pup was scored in the following man- 
ner: Kill—the female attacking and partially consuming the 
pup; Ignore—making no physical contact with the pup and 
otherwise disregarding it; Parental—retrieving the pup and 
crouching over it in a nursing posture. All tests were 60 
minutes in duration and were conducted at 11:00 a.m. 

Nestbuilding. The subjects consisted of 30 0M females 
and 31 2M females. The animals were timed-mated by plac- 
ing them with a sexually-experienced R-S male. Upon dis- 
covery of a copulatory plug (Gestation Day 0), the females 
were isolated and provided with a pre-weighed amount of 
cotton nesting material (ACCO absorbent cotton, U.S.P.) 
that was placed onto the cage top in the area of the food well. 
Nestbuilding assessments were made the next day at 11:00 
a.m. and each day thereafter for the remainder of gestation. 
Assessments of nest quality were made on the basis of the 
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TABLE 1 


THE PROPORTION (AND %) OF ROCKLAND-SWISS ALBINO (R-S) 
FEMALE MICE RESIDING /N UTERO BETWEEN TWO MALE (2M) OR 
TWO FEMALE FETUSES (0M) THAT KILLED, IGNORED, OR WERE 

PARENTAL TO NEWBORN PUPS* 





Group 
Behavior 





Kill 3/30 
Ignore 9/30 
Parental 18/30 


(10%) 3/30 
(30%) 9/30 
(60%) 18/30 


(10%) 
(30%) 
(60%) 





*Following one day of isolation, the females were confronted with 
a single, 1-3 day old R-S mouse pup for a period of 60 minutes. 


following scale (modified from [7]); (1) no nest; (2) saucer 
shaped; (3) raised sides; and (4) fully enclosed. All cotton 
pulled into the cage was then removed. Cotton remaining in 
the cage top was weighed and replenished. The difference 
between the weight of cotton initially placed in the food well 
and the weight of that removed provides an accurate index of 
nest size because most if not all of the cotton pulled into the 
cage is incorporated into the nest [7,35]. 
Pregnancy-induced aggression. A total of 27 0M females 
and 33 2M females were timed-mated. Following the dis- 
covery of a copulatory plug (Gestation Day 0), the animals 
were isolated. At 11:00 a.m. on Day 15 of pregnancy and for 
two consecutive days thereafter (Pregnancy Days 16 and 17), 
the animals were assessed for pregnancy-induced aggression 
according to the method of Mann and Svare [14]. This period 
of late pregnancy was used to assess aggression since previ- 
ous work shows that the behavior peaks during this stage of 
gestation [14,17]. Each test was 10 min in duration, and con- 
sisted of placing an unfamiliar adult R-S male (60-90 days of 
age) into the female’s cage at a point furthest from the 
female, and recording the number of lunges (rapid thrusts 
toward the intruder falling short of actual physical contact) 
and attacks (bouts of fighting characterized by bites to the 
flanks and neck of the intruder). Adult males have previously 
been shown to elicit high levels of attack and rarely coun- 
terattack [23]. As these were repeated exposures, care was 
taken to ensure that a female was not exposed to the same 
male twice, and opponent males were used for a total of 
three tests only. A composite aggression score was derived 
for each female by adding the number of lunges and the 
number of attacks for all three test days and dividing by 3 
(the number of tests). (It should be noted that we did not 
record the latency to attack or lunge or the duration of these 
behaviors for this work or any research we have published in 
the past. Previous work in our laboratory has shown that 
these measures are remarkably invariant from one animal to 
another and cannot be used to distinguish between animals 
or groups with respect to any treatments we have used in the 
past (Svare and Gandelman, unpublished observations). ) 
Postpartum aggression. The animals used in the previous 
experiment for pregnancy-induced aggression were subse- 
quently used for the assessment of postpartum aggression 
(PPA). (Previous work has shown that aggressive experience 
during pregnancy does not influence the level of postpartum 
aggression [14].) Following delivery (typically day 19 of ges- 
tation), the neonates were counted, weighed, and the litters 
adjusted to 5 pups. At 11:00 a.m. on Postpartum Days 6, 7, 
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TABLE 2 


THE MEAN (+S.E.M.) AMOUNT OF COTTON PULLED (IN GRAMS) 
AND THE MEDIAN (AND RANGE) NEST QUALITY SCORE DURING 


GESTATION FOR FEMALE MICE THAT RESIDED IN UTERO 
BETWEEN TWO MALE (2M) (N=31) OR TWO FEMALE 
FETUSES (0M) (N=30) 





Mean (+S.E.M.) Amount 
(Grams) of Cotton 
Pulled 


Median (and Range) 


Nest Quality 
Score* 





Gestation 
Day/Group 


SeCMmrIAaAuavwne 


_— 
— 


12 
13 
14 
15 
16 
17 
18 
19 


0M 


3.90 (+0.40) 
4.70 (+0.47) 
6.55 (+0.70) 
7.51 (+0.69) 
9.62 (+0.71) 
9.48 (+0.65) 
11.51 (+0.69) 
11.32 (+0.59) 
10.86 (+0.61) 
10.04 (+0.59) 
10.17 (+0.47) 
10.11 (+0.51) 
9.81 (+0.51) 
10.02 (+0.56) 
8.93 (+0.57) 
8.34 (+0.47) 
6.62 (+0.40) 
6.33 (+0.36) 
5.44 (+0.42) 


2M 


2.82 (+0.34) 
3.88 (+0.47) 
4.59 (+0.64) 
6.50 (+0.72) 
8.38 (+0.95) 
10.62 (+0.96) 
11.03 (+0.84) 
11.24 (+0.92) 
11.10 (+0.99) 
9.50 (+0.85) 
10.47 (+0.83) 
10.87 (+0.76) 
9.45 (+0.49) 
9.12 (+0.57) 
8.13 (+0.52) 
7.50 (+0.42) 
6.12 (+0.32) 
6.22 (+0.33) 
5.88 (+0.46) 


0M 


2 (0-4) 
3 (0-4) 
3 (1-4) 
4 (1-4) 
4 (2-4) 
4 (2-4) 
4 (3-4) 
4 (3-4) 
4 (3-4) 
4 (3-4) 
4 (3-4) 
4 (3-4) 
4 (3-4) 
4 (3-4) 
4 (3-4) 
4 (3-4) 
4 (3-4) 
4 (3-4) 
4 (2-4) 


2M 


2 (0-4) 
3 (0-4) 
3 (0-4) 
3 (1-4) 
4 (2-4) 
4 (2-4) 
4 (3-4) 
4 (3-4) 
4 (3-4) 
4 (3-4) 
4 (3-4) 
4 (3-4) 
4 (3-4) 
4 (3-4) 
4 (3-4) 
4 (3-4) 
4 (3-4) 
4 (3-4) 
4 (2-4) 





*Nest quality scores were based on a scale of I—no nest, 
2—-saucer shaped, 3—raised sides, and 4—fully enclosed. 


and 8, tests for postpartum aggression were conducted ac- 
cording to the method of Svare [22]. We selected this period 
of early lactation for our aggression assessments since the 
behavior peaks during this period of time [23]. Each test 
consisted of placing an unfamiliar adult male into the cage of 
the dam for 10 minutes and observing the number of lunges 
and attacks. As was the case for pregnancy-induced aggres- 
sion, a composite aggression score was derived for each 
animal (see above). Three minutes prior to each aggression 
test, the pups were removed from the cage in order to avoid 
incidental injury as well as to prevent the young from inter- 
fering with the ongoing aggressive interactions. This short 
period of pup removal does not influence aggression in the 
lactating mouse [23]. 

Reproductivellactation performance. 0M and 2M females 
that were tested for maternal aggression also were compared 
on five measures we termed reproductive/lactation perform- 
ance. Assessments were made for gestation length, litter size 
at birth, birth weight of the pups, body weight of the pups on 
Postpartum Day 8, and body weight of the dams on 
Postpartum Day 8. 


Statistical Treatment of the Data 


Spontaneous parental behavior, pregnancy-induced and 
postpartum aggression, and qualitative nestbuilding scores 
were statistically analyzed with Chi-Square and Mann- 
Whitney U Tests [21]. This was done since the data were not 
normally distributed. In cases where sample sizes were 


MEDIAN COMPOSITE AGGRESSION SCORE 





2M OM 
INTRAUTERINE POSITION 


FIG. 1. The pregnancy-induced aggressive behavior exhibited by 
females derived from different intrauterine positions. Females lo- 
cated in utero between two males (2M females) were compared with 
females residing between no males (0M females) with respect to 
their aggressive behavior in adulthood on days 15, 16, and 17 of 
gestation. Tests on each day consisted of placing an adult male into 
the cage of the female for 10 minutes and counting the number of 
lunges and attacks. These behaviors were summed over the three 
test days and divided by three to produce a composite aggression 
score for each animal. (The proportions above the histograms repre- 
sent the proportion of animals fighting on at least one test). 


large, U values were converted to Z scores. Measures of 
reproduction/lactation performance and quantitative 
nestbuilding scores were analyzed by analysis of variance 
(ANOVA) and f-tests [34]. 


RESULTS 


Spontaneous Maternal Behavior 


Table 1 depicts the proportion and percent of 0M and 2M 
females that killed, ignored, or were parental to newborn 
pups. It is evident from the table that 0M and 2M females 
were identical to each other with respect to the exhibition of 
spontaneous maternal responses. In each group, 60% of the 
animals were parental, 30% ignored, and 10% killed new- 
borns. 


Nestbuilding 


Table 2 shows the data for the amount of cotton pulled 
during pregnancy as well as the daily assessments of nest 
quality. It is clear from the table that 0M and 2M animals did 
not significantly differ from each other in either measure of 
nestbuilding behavior. Analysis of variance (ANOVA) 
showed that the main effect of intrauterine position was not 
significant, F(1,59)=0.8, p>0.05, and the interaction of day 
and intrauterine position also failed to reach statistical signif- 
icance, F(18,1062)=1.0, p>0.05. There was, however, a 
significant effect of day, F(18,1062)=40.1, p<0.001, as both 
groups built increasingly larger nests with advancing gesta- 
tion followed by a decline shortly before parturition. The 
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MEDIAN COMPOSITE AGGRESSION SCORE 
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2M OM 
INTRAUTERINE POSITION 
FIG. 2. The postpartum aggressive behavior displayed by females 
derived from different intrauterine positions. Females located in 
utero between two males (2M females) were compared with females 
residing between no males (0M females) with respect to their ag- 
gressive behavior in adulthood on days 6, 7, and 8 of lactation. Tests 
on each day consisted of placing an adult male into the cage of the 
female for 10 minutes and counting the number of lunges and at- 
tacks. These behaviors were summed over the three test days and 
divided by three to produce a composite aggression score for each 
animal. (The proportions above the histograms represent the pro- 
portion of animals fighting on at least one test.) 


median nest quality score over the 19 days of pregnancy was 
computed for each animal and was analyzed by the Mann- 
Whitney U Test. The statistical analysis of the nest quality 
scores showed that intrauterine position did not affect this 
measure of maternal behavior (median nest quality scores 
for 0M and 2M females=3.6 and 3.2, respectively, U=85, 
p>0.05). 


Pregnancy-Induced Aggression 


The aggressive behavior of 0M and 2M females during 
late pregnancy is shown in Fig. 1. The figure shows that 2M 
animals exhibited more intense aggressive behavior than did 
the 0M animals. The groups did not differ with respect to the 
percentage of animals exhibiting aggression on at least one 
test (94 vs. 77%, respectively for 2M and 0M animals). 2M 
females tended to exhibit aggression on more tests days than 
did 0M females (median=3 and 2, respectively for 2M and 
0M females, z=2.4, p<0.02). Statistical analysis of the com- 
posite scores showed that 2M females were significantly 
more aggressive than were the 0M females (z=2.2, p<0.03). 
Separate analyses of the number of lunges and attacks re- 
vealed that the 2M females exhibited significantly more 
lunges and attacks than did 0M females (median lunges=3.7 
vs. 2.0, respectively for 2M and 0M animals, z=2.1, p<0.03; 
median attacks=2.8 vs. 0.8, respectively for 2M and 0M 
animals U(12,20)=63.5, p<0.05). 


Postpartum Aggression 


Figure 2 depicts the median composite aggression score for 
0M and 2M female mice when tested for maternal defense 
during the lactation period. As was the case for pregnancy- 
induced aggression, it is apparent from the figure that 2M 
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TABLE 3 


REPRODUCTIVE AND LACTATION PERFORMANCE OF FEMALE 
ROCKLAND-SWISS (R-S) ALBINO MICE THAT RESIDED IN UTERO 
BETWEEN TWO MALE (2M) OR TWO FEMALE FETUSES (0M)t 





Group 
0M 2M 





N 27 33 


Mean (+S.E.M.) 19.0 (+0.05) 
Gestation Length (Days) 
Mean (+S.E.M.) Litter 
Size 

Mean (+S.E.M.) Body 
Weight (grams) of Pups 
at Birth 

Mean (+S.E.M.) Body 
Weight (grams) of Pups 
on Postpartum Day 8 
Mean (+S.E.M.) Body 
Weight (grams) of Dams 


19.1 (+0.03) 
11.2 (+0.35) 10.2 (+0.38)* 


1.53 (+0.05) 1.54 (+0.06) 


6.37 (+0.39) 6.46 (+0.43) 


38.89 (+0.42) 37.57 (+0.70) 





*Significantly different from 0M females (p<0.05). 

+Females were mated with stud males at 60 days of age. When a 
copulatory plug was found (Day 0), the animals were isolated. Fol- 
lowing parturition, pups were counted, individually weighed, and 
litters were adjusted to 5 young. The pups were reweighed on 
Postpartum Day 8 in order to assess lactation performance. The 
dams also were weighed on the same day. 


females were significantly more aggressive than 0M females. 
Again, there was no difference between the two groups in the 
percentage of females exhibiting aggression (91% vs. 96% for 
2M and OM females, respectively) nor did the animals differ 
with respect to the number of tests on which fighting was 
displayed (median=3 and 3, z=1.5, p>0.05). Analysis of the 
composite score revealed that 2M females were more ag- 
gressive than the 0M females (median=19.8 vs. 7.0, respec- 
tively; z=3.9, p<0.0001). 2M females exhibited significantly 
more lunges and attacks than 0M females (median lunges 
=8.2 vs. 2.8, respectively for 2M and 0M females, z=2.4, 
p<0.02; median attacks=12.3 vs. 3.5, respectively for 2M 
and 0M females, z=4.1, p><0.0005). 


Reproductive/Lactation Performance 


Table 3 shows the reproductive/lactation performance of 
0M and 2M female mice. Inspection of the table shows that 
0M females tended to produce more young than did 2M 
females but the groups did not differ on any other measure. 
Statistical analysis showed that the mean number of young 
produced by 0M females was indeed significantly larger than 
the number of young produced by 2M females (1(60)=2.11, 
p<0.05). The groups did not significantly differ with respect 
to gestation length, body weight of pups at birth, body 
weight of pups on Postpartum Day 8 (lactation performance), 
and body weight of the dams. 


DISCUSSION 


Intrauterine position has been shown to exert powerful 
effects upon the social and regulatory behaviors exhibited by 
female rodents (see introduction). The present results ex- 
tend and complement those findings by providing evidence 
that prior intrauterine residence also influences some, but 
not all, parameters of maternal behavior in mice. 
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When tested for aggression during pregnancy and lacta- 
tion, 2M females were significantly more aggressive than 0M 
females. These data are in accord with much of the previous 
intrauterine position literature showing that, in general, 2M 
females do exhibit more aggression than 0M females (for 
testosterone induced aggression see [8]; for interfemale ag- 
gression see [30]; for postpartum aggression see [30]). The 
mechanism underlying intrauterine position effects in female 
mice is thought to be the interamniotic transfer of fetal 
androgens from adjacent male fetuses. Indeed, vom Saal and 
Bronson [31] have found that 2M female mice have higher 
fetal and amniotic levels of testosterone than 0M females. In 
related work, Mann and Svare [15] were able to elevate the 
postpartum aggressive behavior of mice by prenatal injec- 
tions of very low non-sterilizing dosages of testosterone. 
Collectively, these findings show that female mice are sensi- 
tive to the organizing effects on aggression of fetal testos- 
terone exposure. 


Assuming that prior intrauterine residence modifies fetal 
testosterone levels in the same way for female mice of our 
strain, some speculation is in order with respect to how these 
naturally occurring in utero hormone differences ultimately 
influence aggressive responses during pregnancy and lacta- 
tion. In the case of pregnancy-induced aggression, it is 
known that progesterone is responsible, in part, for facilitat- 
ing this behavior during gestation [17]. Thus, one possible 
mechanism for intrauterine position effects on pregnancy- 
induced aggression concerns differences in sensitivity to 
adult progesterone. This hypothesis does not appear to be a 
particularly viable one, however, since perinatal androgen 
generally reduces responsiveness to adult progesterone (for 
lordosis behavior see [19]; for nestbuilding behavior see [13]) 
and, as previously stated, 2M females have higher fetal and 
amniotic fluid titers of testosterone and are more aggressive 
than 0M females (low fetal and amniotic testosterone). A 
second possible mechanism accounting for intrauterine 
position effects could be differences in adult circulating 
progesterone levels. Although this hypothesis can not be 
completely dismissed at this time, previous work generally 
shows that adult hormone values are not correlated with 
prior intrauterine position [31] and individual differences in 
pregnancy-induced aggression are not related to individual 
variation in circulating progesterone [17]. Until more is 
known about the proximate factors governing the initiation 
and maintenance of pregnancy-induced aggression in mice, 
additional speculation concerning the mechanism responsi- 
ble for intrauterine position effects on this behavior is un- 
warranted. 

How intrauterine position influences postpartum aggres- 
sion is an equally difficult question to answer at this time. 
The activation of this behavior in mice is dependent upon 
suckling stimulation during nursing (e.g., [24]). A host of 
neuroendocrine changes occur following suckling from 
young and recent work shows that changes in serotonergic 
function, but not pituitary hormone secretion, may be in- 
volved in promoting the onset of the behavior (e.g., Svare 
and Mann, unpublished; [25]). Exposure to androgens during 
early life alters the functioning of a variety of neurotransmit- 
ters including serotonin (e.g., [11]). Perhaps, then, the dif- 
ferential testosterone exposure experienced by 0M and 2M 
female mice in utero modifies the impact of suckling stimu- 
lation on some functional parameter of serotonin (level, 
turnover, synthesis, etc.). This hypothesis is admittedly a 
highly speculative one but future research should allow a 
more precise explanation for what is undoubtedly a very 


complex process. Regardless of what mechanism is ulti- 
mately shown to be responsible for intrauterine position ef- 
fects on pregnancy-induced and postpartum aggression, it is 
probably the case that the behavioral changes are dependent 
upon alterations in important perceptual processes. In the 
present case of aggressive behavior, then, it is likely that the 
motivational properties of the intruder are perceived very 
differently by 0M and 2M female mice. 

Although aggressive behavior during pregnancy and lac- 
tation was influenced by prior intrauterine contiguity, spon- 
taneous maternal responsiveness of virgin females and 
nestbuilding behavior during pregnancy were not affected. 
These findings are interesting for several reasons. First, 
pregnancy-induced nestbuilding behavior, like pregriancy- 
induced aggression, is promoted by progesterone [12]. By 
virtue of their greater exposure to testosterone in utero, 
then, we fully expected to see deficits in the nestbuilding 
behavior of 2M females although none were detected. This 
would suggest that the mechanisms (e.g., neural) modulating 
these maternal responses are very different and/or that 
nestbuilding behavior is immune to in utero hormone influ- 
ences. Second, the fact that spontaneous parental behavior 
exhibited by female mice was not influenced by intrauterine 
position is interesting in light of similar work in males. Vom 
Saal [27] reported that OM male mice were much more likely 
to kill newborn mouse pups than 2M males while the latter 
were more likely to retrieve and parent newborns than the 
former. In contrast to the high level of killing behavior nor- 
mally exhibited by male mice, virgin female mice ordinarily 
are parental to newborn pups although a small percentage 
(around 15%) do kill young (e.g., [5]). On the basis of the 
above data as well as others showing that exposure to 
perinatal testosterone suppresses the infanticidal tendencies 
of mice (e.g., [20]), we anticipated that 2M female mice, as a 
result of their greater exposure to fetal testosterone, would 
be more parental and less infanticidal to newborns than 0M 
females. Perhaps the spontaneous maternal behavior of 
female mice is not sensitive to prior intrauterine position 
or, alternatively, ovarian hormones during development may 
serve to mask any biasing that may occur as a result of prior 
in utero position. The latter hypothesis (masking of in utero 
position effects by the ovaries) may apply to the present 
findings. For example, female CS5S7BL/6J mice normally ex- 
hibit parental care toward young but when they are ovariec- 
tomized prior to puberty significant numbers of them will 
instead kill newborns in adulthood [16]. Finally, our obser- 
vations of spontaneous, neonate-directed parental care were 
limited to those occurring during the virgin state. While be- 
yond the scope of our study, additional assessments during 
lactation as well as other reproductive states need to be con- 
ducted before we can completely rule out prior intrauterine 
position influences on this aspect of maternal care. 

The basic reproductive capacity of female mice generally 
was not altered by prior intrauterine position. Regardless of 
in utero position, all animals mated and successfully bore 
offspring. Gestation length, birth weights of young, and lac- 
tation performance, also were indistinguishable in 0M and 
2M females. On one level, these findings are surprising 
since androgen exposure during early life is known to 
sterilize female mice in a dose-dependent fashion (e.g., [1]). 
Apparently, the level of naturally occurring androgens in 
females residing adjacent to males in utero is not enough to 
disrupt reproductive function in these animals. A curious 
finding from our study is that 0M female mice tended to 
produce more offspring than 2M females. The effect, al- 
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though statistically significant, was one of a mean difference 
of a single neonate. In recent work, vom Saal, Moyer and 
Rines [33] reported that 0M female mice produced signifi- 
cantly more litters and continued bearing live litters at a 
much later age than did 2M female mice. Our findings, in 
combination with those of vom Saal ef al., would therefore 
suggest that 0M females are somehow more fit than 2M 
females with respect to some, but not all, parameters of re- 
productive capacity. 

Relating our findings to the conditions encountered by 
feral mice is a risky process at best. However, it has been 
argued that variation in phenotype due to prior intrauterine 
residence is an adaptive trait that permits the production of 
females with a variety of different reproductive and behav- 
ioral potentials [29]. It is further argued that this variation is 
beneficial since it permits at least some individuals to suc- 
cessfully compete regardless of the environmental condi- 
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tions [30]. The calculation of advantages and disadvantages 
accruing to individual animals from different intrauterine lo- 
cations is therefore highly dependent upon the existing social 
organization. Our results demonstrate that 2M female mice 
are better able to defend their young than 0M females. In the 
context then of social environment, 2M females would prob- 
ably fare better in competitive situations, such as a high 
population density, and hence would be more likely to 
protect and successfully wean their young, than 0M females. 
This advantage is balanced by the fact that 2M females, 
while better able to protect their young, produce fewer off- 
spring and are reproductively competent for a much shorter 
period of time than are 0M females. Under conditions of 
relative social stability where competitive interactions are 
minimized, such as low density environments, 0M females 
would thus have the advantage. 
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ETTINGER, R. H., S. K. THOMPSON AND J. E. R. STADDON. Cholecystokinin, diet palatability, and feeding 
regulation in rats. PHYSIOL BEHAV 36(5) 801-809, 1986.—Rats ate less food than normal on cyclic-ratio schedules 
following cholecystokinin and lithium chloride injections. Nevertheless, they defended this lower eating rate in the same 
way as under control conditions. The pattern of effects produced by cholecystokinin and lithium chloride resembled those 
following diet adulteration with citric acid and sucrose octa acetate and differed from the effects produced by increases in 
body weight.Cholecystokinin and lithium chloride injections also produced similar changes in the free-feeding patterns of 
non-deprived rats: Both meal size and intermeal intervals decreased in a manner similar to the effects of citric acid and 
sucrose octa acetate adulteration. Interpreted in terms of a static regulatory model, these results suggest that cholecys- 
tokinin and lithium chloride suppress feeding by degrading the palatability of food, not by promoting satiety, discomfort, or 


illness. 
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CHOLECYSTOKININ has been reported to inhibit sham 
feeding in rats with gastric fistulas [8], elicit a sequence of 
behaviors commonly observed following the termination of a 
meal [1], and decrease meal size when administered periph- 
erally [11,12]. These reports tend to suggest that CCK-8 acts 
as a short-term satiety signal possibly mediated through 
vagal nerves [16,22]. 

It is possible, however, that peripheral injections of 
CCK-8 decrease food intake by decreasing diet palatability 
or the hedonic quality of food. Several studies suggest an 
effect of CCK-8 on palatability: (a) Cholecystokinin de- 
creases the consumption of sucrose solution in rats, even 
though drinking sucrose is maintained primarily by its taste, 
not by hunger [3, 10, 24, 25]; (b) The intake-suppressive 
effects of CCK-8 appear to require that a meal be initiated, 
suggesting that CCK-8 effects are dependent upon orosen- 
sory feedback [9]; (c) Similarly, CCK-8 decreases meal size 
[12,26], but does not appear to delay meal onset after brief 
food deprivation [11], an effect similar to that produced by 
diet-palatability manipulations [14, 15]; (d) Cholecystokinin 
appears to alter taste preference for sweet solutions while 
leaving water intake unaffected [6]; and finally (e) CCK-8 has 
been shown to alter taste responses in chorda tympani 
neurons [10]. 





To date, there have been few attempts to distinguish be- 
tween the effects of altered diet palatability and satiety on 
feeding regulation. The spontaneous meal patterns of rats 
following CCK-8 injections, lithium cloride (LiCl) intuba- 
tions, or prefeeding with glucose solutions, have been com- 
pared [23]. However, these data are difficult to interpret be- 
cause of the large doses of CCK-8 used (110 IDU/kg), and 
the absence of data on meal sizes and intermeal intervals: 
Only first-meal parameters were presented. More recently, 
West et al. demonstrated that although meal size decreases 
following CCK-8 infusion, total daily intake actually in- 
creases [26]. 

There is clearly a need for additional behavioral assays to 
separate satiety, palatability, and debilitatory effects on 
feeding regulation. A possible test was recently proposed by 
Ettinger and Staddon [7] based on properties of the ratio 
schedule response function. A response function represents 
the average relation between food intake and response rates 
over a range of reinforcement schedule values. On ratio 
schedules, the response function is similar to the linear 
downward sloping demand curve familiar to economists. That 
is, under normal circumstances, food deprived rats will in- 
crease response rates as ratio values are increased, thereby 
approximately maintaining the food rate produced at lower 
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FIG. 1. Comparison of the response functions following IP injec- 
tions of 2 ug/kg CCK-8 (filled squares), saline injections (filled cir- 
cles), and an increase in bar weight (open circles). The ordinate is 
scaled in responses per minute; the abscissa, in 45 mg pellets per 
minute. Points representing high response rates were produced on 
high ratio schedules. 


ratios. Complete response functions can be generated within 
a single experimental session using cyclic-ratio schedules. 
Over a wide range of schedule values these functions are 
well described by a straight line. Ettinger and Staddon [7] 
suggested that the parameters of these linear functions may 
serve as measures of the components of feeding motivation. 

The linear functions can be described by means of the 
following static regulator model: 


x=G[R,—R(x)]+K, 
which can be written as: 
x=GR,+K-—GR(x), (1) 


the equation of a straight line relating x and R(x), where x is 
the overall response rate and R(x) is reward (45 mg food 
pellets) rate, both computed over the time taken to complete 
a single ratio. R, is interpreted as the ‘‘set-point’’ or pre- 
ferred food rate in the absence of any schedule constraint. 
Parameter G, the slope of the response function, reflects the 
degree of feeding rate regulation. That is, the degree to 
which the preferred food rate R, is defended, by increasing 
response rate, as the ratio value is increased. Thus, the 
steeper the slope, the greater the degree of food-rate regula- 
tion. K appears to correspond to the additive contribution of 
“‘incentive’’ factors (e.g., diet palatability). Equation 1 states 
that response rate on ratio schedules is determined in an 
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FIG. 2. Comparison of the response functions following IP injec- 
tions of 3.0 mg/kg 0.30 M LiCl (filled squares) with saline injections 
(filled circles). The ordinate is scaled in responses per minute; the 
abscissa, in 45 mg pellets per minute. Points representing high re- 
sponse rates were produced on high ratio schedules. 














additive fashion by the difference between obtained R(x) and 
preferred R, food rate plus a constant. 


EXPERIMENT | 


According to this model, there are several ways that 
CCK-8 can affect the operant regulation of feeding. For 
example, if CCK-8 acts to promote satiety, then its effects 
should be primarily on G, the regulatory parameter in Equa- 
tion 1 which is related to the ‘‘cost’’ of feeding-rate devia- 
tions. This ‘‘cost’’ becomes higher as the animal’s body 
weight drops and is reflected by an increase in response rates 
and thus better feeding-rate regulation. In other words, as an 
animal becomes sated, the poorer it will regulate its rate of 
eating. We have shown in a previous experiment that both 
increases in body weight and injections of d-amphetamine 
act in this way [7]. Another simple possibility would be that 
CCK-8 exerts its effects on the food-rate intercept (R,+K/G 
from Equation 1) in much the same way as changes in diet 
palatability. Adulterating food with quinine sulfate acts in 
this way [7], although we cannot assert that quinine adulter- 
ation affects only taste. Other results, including effects on 
more than one parameter, are also possible. For example, if 
CCK-8 produces illness it might be expected to affect both G 
and the intercept of the linear function. That is, the animals 
should eat less as well as respond more slowly. The slower 
response rate will disproportionately affect higher ratios 
where more responding is required. 





FEEDING REGULATION 


We were also interested in determining the effects of in- 
creasing the force required to press the response lever on the 
form of the response function. Increases in bar weight should 
decrease the slope (G) of the response function because bar 
weight should have a constant proportional effect across 
ratio values, hence a higher absolute effect at larger ratios 
where response rate is normally higher. 

We also examined the effects of LiCl and compared them 
with those of CCK-8 on the form of the response function. 
We were interested in whether the effects of LiCl on feeding 
regulation resembled those produced by alterations in taste. 
Small doses of lithium are believed to decrease the palatabil- 
ity of food without inducing illness [5, 13, 19], an effect 
possibly mediated by lithium interference with sodium 
transport mechanisms in taste epithelium [20]. Although 
large doses of LiCl may produce nausea, illness does not 
appear to be a necessary condition for the aversive effects of 
lithium [2]. 


METHOD 
Animals 


Eight naive female albino rats approximately 1-year-old at 
the beginning of the experiment were used. They were main- 
tained at approximately 90% of their pre-experimental free- 
feeding weights. Body weights were maintained by supple- 
mental feeding of Purina Rat Chow at the end of each day. 
Tap water was continuously available in the home cages. 
Throughout the experiment the animals were maintained in a 
24-hr light environment with the temperature controlled at 
approximately 23°C. Four of the animals used to test the 
effects of CCK-8 and increases in bar weight were main- 


tained and investigated at Duke University. The other four 
animals used to test the effects of LiCl were maintained and 
investigated at Eastern Oregon State College. All of the 
animals were of Wistar stock, supplied by Charles Rivers 
Laboratories. 


Apparatus 


The apparatus consisted of a Plexiglas Skinner box, 
measuring 30.523 x15 cm, enclosed in a sound-attenuating 
cabinet. The response lever and the food cup were located 
on the front panel, centered 5 cm above the floor and sepa- 
rated by 6 cm. A Gerbrands (Model D-1) pellet dispenser 
delivered 45-mg food pellets into the cup. The force required 
to depress the lever was either 45 g or 60 g for the CCK-8 
animals and 60 g throughout for the LiCl animals. This in- 
crease was necessary to obtain a clear electronic signal dur- 
ing responding on the FR 2 portion of the cyclic-ratio 
schedule for the LiCl animals. A white lamp provided 
chamber illumination during the session only. White noise 
masked extraneous sounds. 

All experimental events were programmed and recorded 
at 1/30-sec resolution by a KIM microprocessor. After each 
experimental session, data were transferred to a NorthStar 
microcomputer for storage and analysis. 


Procedure 


The animals of each group during each phase were first 
trained to lever press for Noyes (Formula A) 45-mg pellets. 
Following lever-press training, they were all placed on a 
fixed-ratio 2 (FR 2) schedule for 1 hr per day for three days. 
Following FR 2 training, all animals were exposed to a 
cyclic-ratio schedule that consisted of the following se- 


TABLE 1 


COMPARISON OF THE SLOPES AND THE FOOD-RATE INTERCEPTS 
FOR EACH CONDITION 





Saline CCK-8 60 g 
Condition: 
R(x)- 


Rat Slope inter 


R(x)- 
Slope inter 





CKI1 — 13.05 9.74 
CK2 —9.15 11.30 
CK3 —7.53 9.89 
CK4 —12.11 10.32 


—10.46 10.31 


—17.14 6.58 
—8.75 9.17 
—8.96 4.69 

—15.62 5.07 


Mean -—12.62 6.38* 
Saline LiCl 
Condition: 
R(x)- 
Rat Slope inter 


R(x)- 
Slope inter 





LCl —5.32 11.98 
LC2 —-8.19 9.28 
LC3 ~S.03 9.06 
LC4 —6.60 12.85 


—6.41 


-6.20 7.31 
—10.36 6.80 
—6.03 4.49 
-11.00 5.09 


Mean 10.79 —8.40 5.92* 





The mean slope and food-rate intercepts were compared with a 
Sheffé post-hoc test; *p<0.05. 


quence of ratio values: 2, 4, 8, 16, 32, and 64. These ratio 
values were presented in an ascending followed by a de- 
scending sequence, to make up a complete cycle of 12 ratios. 
Each animal received six complete cycles (72 pellet de- 
liveries) during each experimental session. Sessions were 
conducted daily, six or seven times per week, for 15 ses- 
sions. Stable relations between response and food rates were 
observed for all animals of both groups within this period. 

After the 15 baseline sessions, Rats CK 1, CK2, CK3, and 
CK4 (CCK-8 animals) received either IP injections of 2 ug/kg 
cholecystokinin-octapeptide (Sincalide, provided by Squibb 
Pharmaceuticals) or an equal volume of 0.85% saline on 
alternate days for 6 consecutive days. All injections were 
given 15 min before the beginning of each session. Follow- 
ing the drug testing, the bar weight was increased from 45 g 
to 60 g for an additional 6 days. No drugs were administered 
during this time. 

Rats LC1, LC2, LC3, and LC4 (LiCl animals) received 
either IP injections of 3.0 mg/kg of 0.30 M LiCl or an equal 
volume of 0.85% saline on alternate days for 6 consecutive 
days. Injections were given 15 min before the beginning of 
each session. This dose of LiCl was chosen because in 
previous tests it was sufficient to decrease meal size without 
reducing daily food intake or producing behavioral signs of 
illness. The animals were closely monitored for signs of ill- 
ness throughout. 


RESULTS AND DISCUSSION 


The results for the CCK-8 animals are presented in Fig. 1. 
The results for the LiCl animals are presented in Fig. 2. Each 
point represents the average relation between food intake 
and response rates for a given ratio value for the three ses- 





TABLE 2 


EFFECTS OF CCK-8 AND LiCl ON FEEDING OVER 23 HR EXPRESSED 
AS MEANS AND S.E. OF MEAN, IN PARENTHESES 





3.0 mi/kg 
0.30 M 
Saline LiCl 


2 ug/kg 


Saline CCK-8 





Total 567.42 
Intake (31.43) 
Total 8.25 
Meals (0.28) 
Meal 68.79 
Size (3.44) 
Inter-Meal 162.08 
Interval (7.64) 
Latency 1.42 
to Meal | (1.15) 
Size of 80.75 
Meal 1 (14.70) 


636.75* 641.83 
(17.77) (30.37) 
12.33t 6.58 
(0.40) (0.36) 
51.967 98.64 
(1.53) (3.76) 
108.187 208.22 
(4.65) (16.99) 
42.087 42.50 
(12.78) (19.55) 
37.08* 126.83 
(4.73) (13.39) 


660.17 
(27.24) 
10.07 

(0.35) 
71.4577 
(2.33) 

132.587 
(5.08) 
82.25 

(23.55) 
60.337 

(14.36) 





Intake is in 45 mg pellets. Times are in min. 
Differences between saline and either CCK-8 or LiCl were as- 
sessed using a f-test for matched pairs; df=11; *»<0.05; tp<0.01. 


sions comprising each type of injection (i.e., a total of 
36=3 6X2 ratios per plotted point). The sets of points for 
each condition are well represented by straight lines. Best-fit 
linear regressions (not shown) accounted for 91%, 97%, and 
96% of the variance following saline, CCK-8, and increased 
bar weight for the CCK-8 animals respectively, and for 93% 
and 91% of the variance following saline and LiCl adminis- 
tration for the LiCl animals respectively. 

The slope of the response function is a measure of 
feeding-rate regulation. As ratio values are progressively in- 
creased, response rates increase, thereby limiting food-rate 
decreases that would otherwise occur. The steeper the 
response-function slope, the better the food-rate regulation. 

As shown in Fig. 1 and Table 1, there were significant 
differences in both the food-rate [R(x)] intercepts, 
F(2,6)=34.16, p<0.001, and the slopes, F(2,6)=18.52, 
p<0.001, of the response functions for the CCK-8 animals. A 
Sheffé post-hoc analysis indicated that there was a signifi- 
cant difference (p<0.05) in the food-rate [R(x)] intercept fol- 
lowing CCK-8 administration when compared with saline. 
The slope of the response function following CCK-8 injec- 
tions, however, was not significantly different from the slope 
following saline injections. This is in contrast to the large 
decrease in the slope of the response function observed fol- 
lowing an increase in bar weight from 45 g to 60 g during 
Phase 2 (p<0.05): Cholecystokinin injections affected the 
intercept but not the slope of the response function; an in- 
crease in bar weight affected the slope and not the R(x) inter- 
cept. 

The results for the LiCl animals are similar to but larger 
than those for the CCK-8 animals. That is, there was a large 
decrease in the food-rate R(x) intercept following LiCl ad- 
ministration when compared to the saline baseline, 
t(3)=4.48, p<0.05, but no change in the slope of the response 
function, f(3)=2.26, p>0.10. Both of these effects are similar 
to the effects following CCK-8 administration. The differ- 
ence in the slopes of the response functions between the 
CCK-8 and the LiCl animals following saline administration, 
t(6)=2.81, p<0.05, was probably a result of the increased bar 
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weight for the LiCl animals. As shown in Table 1, the slopes 
of the response functions for the CCK-8 animals with high 
bar weight were similar to those for the LiCl animals; —6.86 
and —6.41 respectively. 

In previous experiments with the cyclic-ratio method, we 
demonstrated that manipulations designed to alter diet 
palatability exert their effects primarily on the food-rate 
intercept, whereas manipulations designed to promote sati- 
ety or decrease hunger, decrease parameter G [7]. In the 
present study both peripheral CCK-8 and LiCl injections de- 
creased the intercept (R,+K/G in terms of the regulatory 
model), but did not change the slope, suggesting a decrease 
in ‘‘incentive’’ as opposed to satiety. On the other hand, 
increasing the force required to depress the response lever 
for the CCK-8 animals, decreased the slope (G) of the re- 
sponse function. This effect is consistent with our interpre- 
tation or parameter G as regulatory gain. That is, because the 
cost of bar pressing is proportional to bar press rate, increas- 
ing bar weight should have a higher absolute effect (but a 
constant proportional effect) at higher response rates. Thus, 
the effect of bar weight will be larger at higher ratios, where 
response rate is normally higher. 

LiCl is often assumed to induce illness or ‘‘malaise.”’ it is 
hard to know what to expect behaviorally from such vague 
terms, but one possibility is that an ill animal will not only eat 
less at any given ratio value, but will also be less able to 
regulate feeding rate in response to challenge. In other 
words, ‘‘malaise’’ might correspond to an effect on both the 
slope (regulation) and intercept (incentive) of the response 
function. We found an effect only on intercept, a result simi- 
lar to the effects of quinine, which is known to have some 
effect on food palatability. Our results are not sufficient to 
prove that the effects of LiCl are mediated solely by the taste 
system, but at least we find nothing inconsistent with that 
hypothesis—and no evidence that our doses induced 
malaise. 


EXPERIMENT 2 


Experiment | compared the degree to which feeding rate 
was regulated against increasing work requirements during 
relatively short experimental sessions following drug admin- 
istration. We observed effects similar to those in previous 
experiments where diet palatability was manipulated. In Ex- 
periment 2 we compared the effects of CCK-8 and LiCl on 
patterns of free-feeding in non-deprived animals. It is well- 
known that reducing diet palatability tends to decrease both 
meal size and intermeal intervals in rats [14,15], whereas 
anorexogenic doses of amphetamine reduce food intake by 
decreasing meal frequency, not meal size [4]. CCK-8 reduces 
meal size in deprived [11] and in free-feeding rats when in- 
fused following meal initiation [26]. However, there are no 
complete descriptions of the free-feeding patterns of rats fol- 
lowing a single dose of CCK-8 or of LiCl and many reports 
on the effects of CCK-8 are from single-dose experiments. 


METHOD 
Subjects 


Eight naive male albino rats approximately 1-year-old at 
the beginning of the experiment were used. All of the animals 
were of Wistar stock and were supplied by Charles Rivers. 
They were maintained on a 12-12 hr light/dark cycle, with 
lights off at 1700 hr. Temperature was controlled at approx- 
imately 23°C. 
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FIG. 3. Typical free-feeding patterns throughout the 23 hr period 
following either IP injections of saline (top) or 2 ug/kg CCK-8 (bot- 
tom). The bar on the abscissa represents the dark portion of the 12 hr 
L/D cycle. 


Apparatus 


The apparatus consisted of a Plexiglas box measuring 
28 x 50x20 cm, enclosed in a sound-attenuating cabinet. A 
Gerbrands (Model D-1) pellet dispenser delivered 45-mg 
food pellets (Noyes, Formula A) into a trough. Feeding was 
monitored by a photocell in the food trough. After a pellet 
was removed, another was delivered immediately. Water 
was continuously available from a drinking tube and licking 
was monitored by a photocell. Access to a running wheel 
was also continuously available and monitored. 

All events were programmed and recorded at 1/60-sec 
resolution by a SYM-1 microprocessor. After each 23 hr 
period, data were transferred to a NorthStar microcomputer 
for storage and analysis. 


Procedure 


The animals were first divided into two groups of four rats 
each. The rats were then successively placed in the appara- 
tus for testing. Each animal was given two weeks to adjust to 
obtaining all its food and water in the chamber. Body weights 
and free-feeding patterns were stable for all of the animals 
within this time. After the two week adjustment period, the 
CCK-8 animals (FC1, FC2, FC3, and FC4) were given either IP 
injections of 2 wg/kg cholecystokinin-octapeptide (Sincalide, 
provided by Squibb Pharmaceuticals) or an equal volume of 
0.85% saline on alternate days of 10 consecutive days. The LiCl 
animals (FL1, FL2, FL3, and FL4) were given either IP injec- 
tions of 3.0 ml/kg of 0.30 M LiCl or an equal volume of 0.85% 
saline, also on alternate days, for 10 consecutive days. Drug 
injections were separated by 48 hr. All injections were given 
immediately after the animals were weighed at 15 hr 30 min 
each day. The animals were returned to the apparatus after 
the injections and their feeding, drinking, and running were 
monitored from 1600 hr the same day until 1500 hr the follow- 
ing day (i.e., for 23 hr). 


RESULTS AND DISCUSSION 


Table 2 presents the within-group averages for three days 
of each condition. Both CCK-8 and LiCl decreased meal size 
and intermeal intervals when compared to saline controls. A 
10 min pause in eating was used as a criterion for defining 
meal size and there was not a significant difference in the 
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FIG. 4. Typical free-feeding patterns throughout the 23 hr period 
following either IP injections of saline (top) or 3.0 mg/kg 0.30 M LiCl 
(bottom). The bar on the abscissa represents the dark portion of the 
12 hr L/D cycle. 


number of meals over a range of eating pauses from 5 min to 
20 min, F(3,36)=1.87, p>0.05. The LiCl group maintained 
their daily intake: A decrease in meal size was compensated 
for by an increase in meal frequency. The CCK-8 group 
slightly increased their daily intake: The increase in the 
number of meals over the 23 hr period more than compensat- 
ing for a slight decrease in meal size. Both CCK-8 and LiCl 
also appeared to increase the latency to the first meal as well 
as decrease its size. The first-meal latencies presented in 
Table 2, however, are suspect as useful measures because of 
their considerable within-animal variability (e.g., 0 to 202 
min). This variability may, in part, be caused by the discom- 
fort associated with unavoidable variation in IP injection 
sites. 

Figures 3 and 4 present typical single-session meal pat- 
terns for individual animals. Both CCK-8 and LiCl produced 
similar disruptions in the typical bimodal feeding patterns 
displayed by the animals during sessions following saline 
injections. That is, meals were generally smaller and more 
frequent following drug injections. The average decrease in 
meal size was from 3.1 g to 2.3 g for the CCK-8 group and 
from 4.46 g to 3.2 g for the LiCl group. This disruption con- 
tinued throughout the 23 hr period—well beyond the dura- 
tion of known pharmacological effects of CCK-8 [17,18]. 
Both the decrease in meal size and the increase in meal fre- 
quency observed following CCK-8 administration were simi- 
lar to the altered meal patterns reported following infusions 
of CCK-8 after the initiation of each meal throughout a 21.5 
hr free-feeding period [26]. However, in the present study, 
repeated injections were not necessary for continued meal 
suppression. This finding may place restrictions on the in- 
terpretations of studies where animals are infused with 
CCK-8 at the onset of each meal. It appears that once meal 
patterns are altered significantly, they continue this abnor- 
mal pattern in the absence of drug effects until they are dis- 
rupted further. The disruption that seemed to terminate the 
altered feeding patterns in the present study was daily han- 
dling and weighing at the end of the 23 hr period. 

Figures 5 and 6 present typical drinking and running pat- 
terns for animals in both groups. Drinking and running totals 
were unaffected by either CCK-8 or LiCl injections 
[t(3)>0.10 for all comparisons). However, the typical pat- 
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FIG. 5. Patterns of drinking and running from the same session 
presented in Fig. 3 following either IP injections of saline (top) or 2 
pg/kg CCK-8 (bottom). The bar on the abscissa represents the dark 
portion of the 12 hr L/D cycle. 


terns of drinking and running were disrupted in a manner 
similar to the feeding disruptions shown in Figs. 3 and 4. 
That is, both drinking and running bouts were generally 
shorter and more frequent. Drinking and running were highly 
synchronized with feeding in all conditions. 


EXPERIMENT 3 


In Experiment 1, we showed that both CCK-8 and LiCl 
injections affected the food-rate R(x) intercept of the cyclic- 
ratio response function. We interpreted these effects as al- 
terations in taste or diet palatibility because similar effects 
were observed following diet adulteration with quinine sul- 
fate [7]. The purpose of Experiment 3 was to validate these 
interpretations by examining the effects of both citric acid 
and sucrose octa acetate adulteration on the form of the 
cyclic-ratio response function. In preliminary tests in our 
laboratory, animals showed clear preferences for an unadul- 
terated diet when paired with diets adulaterated with either 
citric acid or with sucrose octa acetate (SOA). 


METHOD 


Animals 


Four naive female albino rats approximately 1-year-old 
were used. They were maintained at approximately 90% of 
their pre-experimental free-feeding weights by supplemental 
feedings of Purina Rat Chow at the end of each day. Tap 
water was continuously available in the home cages. 
Throughout the experiment the animals were maintained in a 
24-hr light environment with the temperature controlled at 
approximately 23°C. All of the animals were of Wistar stock, 
supplied by Charles Rivers Laboratories. 


Apparatus 


The apparatus was the same as that used in Experiment 1. 
The force required to depress the response lever was 60 g 
throughout. 
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FIG. 6. Patterns of drinking and running from the same session 
presented in Fig. 4 following either IP injections of saline (top) or 3.0 
mg/kg 0.03 M LiCl (bottom). The bar on the abscissa represents the 
dark portion of the 12 hr L/D cycle. 
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FIG. 7. Comparison of the response functions following citric acid 
adulteration (open squares) and sucrose octa acetate adulteration 
(open circles) with a normal diet (filled circles). The ordinate is 
scaled in responses per minute; the abscissa, in 45 mg pellets per 
minute. Points representing high response rates were produced on 
high ratio schedules. 


Procedure 


The cyclic-ratio procedure and initial training were the 
same as in Experiment 1. After 12 baseline sessions with 
non-adulterated food pellets (Noyes, Formula A), the 
animals (CR1, CR2, CR3, and CR4) were exposed to six 
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TABLE 3 


COMPARISONS OF THE SLOPES AND THE FOOD-RATE INTERCEPTS FOR THE 
RESPONSE FUNCTIONS IN FIG. 7 





Sucrose 


Normal Citric Acid Octa Acetate 
Diet: 
R(x)- 


Slope inter 


R(x)- 
Slope inter 


R(x)- 


Rat No. Slope inter 





CRI —4.29 
CR2 —6.20 
CR3 ~—53.23 
CR4 —4.73 


=3.11 


31.11 
15.84 
28.51 
28.99 


26.11 


al 16.90 
— 14.32 9.32 
—8.82 16.14 
~S.Az 24.07 


—8.87 16.61* 


—7.21 15.85 
—8.32 12.64 
—7.45 18.81 
SP 23.96 


Mean -7.14 17.82" 





The mean food-rate intercept for citric acid and sucrose octa acetate adulteration 


were compared to the normal diet by a f-test. *p<0.05. 


consecutive daily sessions during which the pellets were 
adulterated with 2% W/W powdered citric acid. Following 
citric acid testing, the animals were tested for an additional 
10 daily sessions with non-adulterated food. Stable relations 
between response and food rates were obtained for all of the 
animals within these testing periods. 

Immediately following the 10 sessions with non- 
adulterated food, the same animals were exposed to six con- 
secutive sessions during which the Noyes pellets were adul- 
terated with 1% W/W powdered SOA. Following these ses- 
sions, the animals were again tested for an additional 10 daily 
sessions with non-adulterated pellets. Stable relations be- 
tween response and food rates were again observed for these 
conditions. 


RESULTS AND DISCUSSION 


The results of Experiment 3 are presented in Fig. 7. Each 
point on the response functions for citric acid and for SOA 
represent the average relation between food and response 
rates for a given ratio value for three consecutive sessions. 
The points on the response function for the normal diet rep- 
resent the average for 9 sessions: The last three baseline 
sessions before citric acid adulteration, the last three sessions 
preceeding SOA adulteration, and the last three sessions of 
the final baseline following SOA adulteration. The sets of 
points for each condition are well described by straight lines. 
Best fit linear regressions (not shown) averaged across sub- 
jects accounted for 97% of the variance for the combined 
baseline sessions, 95% for the citric acid condition, and 95% 
for the SOA condition. 

The performance of all animals was very similar. As 
shown in Fig. 7, there was a shift in the food-rate R(x) inter- 
cept from the baseline following both citric acid and SOA 
adulteration. Further, as shown in Table 3, this shift was 
very similar in magnitude for both conditions: The mean 
food-rate intercept, R(x), decreased from 26.11 pellets per 
minute during the baseline phases to 16.61, 1(3)=4.24, 
p<0.05, and 17.82, 1(3)=3.08, p<0.05, for citric acid and 
SOA adulteration respectively. The slopes of the response 
functions increased slightly, but these changes were not 
statistically significant. 

This change in the food-rate intercept is consistent with 
earlier manipulations designed to alter diet palatability [11] 


and with our interpretations of Equation 1. Although the 
cyclic-ratio experiments do not allow us to separate the con- 
tributions of K, G, and R, to the R(x) intercept, we have 
previously shown that body weight changes effect only pa- 
rameter G. Degrading the palatibility of food decreases R,, 
and/or K. One way to separate the contributions of K and R, 
would be to examine the characteristics of feeding through- 
out a 24 hr period following diet adulteration. An effect on 
R,, the preferred food rate, might be observed as a decrease 
in total intake during 24 hr free-feeding experiments. That is, 
as the preferred rate goes down total intake should also de- 
crease. On the other hand, effects on K might not be ex- 
pected to effect total intake, but decrease meal size only. 


EXPERIMENT 4 


Experiment 4 was conducted to examine the effects of 
both citric acid and SOA on the patterns of free-feeding 
throughout a 24 hr period and compare these taste effects 
with those produced by CCK-8 and LiCl in Experiment 2. At 
present there are few data on the effects of diet degradation 
on free-feeding patterns with compounds other than quinine 
sulfate. Quinine adulteration appears to reduce meal size and 
increase meal frequency [15]. 


METHOD 
Subjects 


Three naive male albino rats approximately 1-year-old at 
the beginning of the experiment were used. The animals 
were of Wistar stock and were supplied by Charles Rivers. 
They were maintained on a 12-12 hr light/dark cycle, with 
lights off at 1700 hr. Temperature was controlled at approx- 
imately 23°C. 


Apparatus 


The apparatus was the same as that used in Experiment 2. 


Procedure 


Each animal was tested individually and was given two 
weeks to adjust to obtaining all of its food (Noyes, Formula 
A pellets) and water in the chamber. Body weights and free- 
feeding patterns were stable for all of the subjects within this 





TABLE 4 


COMPARISON OF THE EFFECTS OF DIET ADULTERATION WITH 
CITRIC ACID AND SUCROSE OCTA ACETATE ON FEEDING OVER 23 
HR EXPRESSED AS MEANS AND S.E. OF MEAN, IN PARENTHESES 





Sucrose 
Octa 
Acetate 


Normal Citric 
Diet Acid 





Total 520.67 
Intake (61.02) 
Total 5.67 
Meals (0.58) 
Meal 92.33 
Size (12.10) 
Inter-Meal 343.67 127.007 136.67* 
Interval (19.80) (19.51) (36.16) 
Latency 0 | 0 
to Meal 1 
Size of 
Meal | 


532.67 

(54.40) 
10.67* 
(2.10) 
$1.33* 
(5.17) 


492.33 
(31.82) 
7.67* 
(0.71) 
65.67* 
(1.94) 


131.00 
(27.87) 


70.00* 
(42.15) 


41.337 
(21.00) 





Intake is in 45 mg pellets. Times are in min. 
Differenes between normal diet and adulterated diets were as- 
sessed using a f-test for matched pairs; df=5; *p<0.05; *p<0.01. 


time. After the two week adjustment period, the free- 
feeding, drinking, and running patterns were recorded for 23 
hr each day for an additional 7 consecutive days with the diet 


adulterated with 2% W/W citric acid. After 7 days on the 
citric acid diet, the animals were returned to a normal non- 
adulterated diet for 7 days. Following this phase, the diet 
was adulterated with 1% SOA for 7 consecutive days fol- 
lowed by a return to the normal diet for 5 days. Thus, each 
animal was monitored for 40 (14+7+7+7+5=40) consecu- 
tive days. After each 23 hr period (at 15 hr 30 min) the 
animals were weighed. The animals were returned to the 
apparatus after weighing and their feeding, drinking, and 
running were monitored from 1600 hr the same day until 1500 
hr the following day (i.e., for 23 hr). 


RESULTS AND DISCUSSION 


Table 4 presents the averages across animals for the last 
three days under each diet condition. The typical daily pat- 
terns of feeding under the different diet conditions of Exper- 
iment 4 are presented in Fig. 8. Both citric acid and SOA 
decreased meal size and intermeal intervals when compared 
to the normal diet. The average meal size decreased from 
4.16g on the normal diet to 2.31 and to 2.96 for the citric acid 
and the SOA diets respectively. Meals were defined as 10 
min pause in eating, as for Experiment 2. Total intake over 
the 23 hr period appeared to be maintained by the increase in 
the number of meals: Neither citric acid nor SOA adultera- 
tion decreased total intake. 

The decrease in meal size associated with SOA was not 
nearly as stable as for citric acid: Meal size appeared to be 
recovering to near normal throughout the 7 day exposure 
period. This transient effect was not observed during Exper- 
iment 3, possibly because of the brief daily exposure to the 
diet on the cyclic-ratio schedules. 
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FIG. 8. Comparisons of typical patterns of free-feeding throughout 
the 23 hr period on normal (top), citric acid adulteration (middle), 
and sucrose octa acetate adulteration (bottom). The bar on the 
abscissa represents the dark portion of the 12 hr L/D cycle. 


GENERAL DISCUSSION 


The results of the present experiments demonstrate con- 
sistent relations between the effects of CCK-8 and small 
doses of LiCl and manipulations designed to alter diet 
palatability on feeding regulation. Both CCK-8 and LiCl de- 
creased the food-rate intercept, as opposed to the slope, of 
the response functions in Experiment | in a way similar to 
the effects of citric acid and SOA in Experiment 3. As well, 
both CCK-8 and LiCl decreased meal sizes and intermeal 
intervals in Experiment 2 in a manner consistent with the 
effects of citric acid and SOA in Experiment 4. 

These results are also consistent with recent suggestions 
that CCK-8 decreases food intake by interacting with 
orosensory characteristics of food [3] or by altering taste 
preference [6,24], not by promoting satiety [21,22]. In previ- 
ous cyclic-ratio experiments, manipulations designed to 
promote satiety, i.e., both pre-session feeding and 
d-amphetamine injections [7], affected parameter G of the 
response function: None of the compounds tested in the 
present experiments had effects on G. Rather, the effects of 
all of the compounds tested appeared to be on parameter K 
of the response function in Equation 1. This conclusion is 
supported by the observation that total daily intake following 
injections of CCK-8 or LiCl and diet adulteration with citric 
acid or SOA was not decreased. In our model, K reflects the 
contribution of ‘‘incentive’’ or diet palatability to the ob- 
tained feeding rate. 

It might be argued that both CCK-8 and LiCl affected 
feeding regulation in the present experiments by causing ill- 
ness or discomfort, not by reducing food palatability. How- 
ever, there are at least four reasons for discounting this 
possibility. First, these animals responded at high rates dur- 
ing the cyclic-ratio procedure. If the animals were ill, one 
might expect the most severe depression at the high ratios 
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where the animals respond most rapidly (i.e., a decrease in 
parameter G). No such differential effect was observed. 
Second, the animals in Experiment 2 ran and drank at the 
same rate during sessions following CCK-8 and LiCl injec- 
tions as they did during sessions following saline injections. 
Third, the animals did not appear different in any way follow- 
ing CCK-8 or LiCl injections from sessions following saline 
injections. And, finally, the effects of CCK-8 and LiCl on the 
cyclic-ratio response function were very similar to the ef- 
fects of both citric acid and SOA, neither of which produced 
behavioral signs of illness. 

The cyclic-ratio method appears to be a reliable and sen- 
sitive method to investigate feeding regulation. The cyclic- 
ratio effects in Experiments 1 and 3 were larger, easier to 
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interpret, and more quickly obtained than the effects under 
free-feeding conditions in Experiments 2 and 4. The method 
appears to permit regulatory effects (satiety) to be readily 
distinguished from incentive (taste) effects, and can be ex- 
tended to distinguish both of these effects from the effects of 
malaise interpreted as a generalized incapacity. Additional 
experiments designed to test the effects of other compounds 
known to affect food palatibility and cause illness are being 
conducted to further validate the regulatory model. 
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MATTHIES, H., H. RUETHRICH, T. OTT, H. K. MATTHIES AND R. MATTHIES. Low frequency perforant path 
stimulation 1s a conditioned stimulus demonstrates correlations between long-term synaptic potentiation and learning. 
PHYSIOL b. HAV 36(5) 811-821, 1986.—Stimulation of the perforant path with impulse trains of 15 cps and 670 msec 
duration was used as a conditioned stimulus in a two-way shuttle box avoidance on rats. Field potentials in the dentate area 
evoked by test stimuli were measured after the training sessions until the 7th day. Foot-shock and unconditioned escape 
elicited only a transient slight depression of the population spike amplitude (P) and increased also slightly the slope function 
(SF) of the population EPSP of the evoked test potentials. The control stimulation of the perforant path without pairing with 
foot-shock as in conditioning did only slightly increase SF of test potentials, but produced a strong transient inhibition 
followed by a long lasting moderate depression of P. After conditioning, all animals exhibited the same initial inhibition of P 
as shown in control stimulation of the perforant path. However during the following 4 hours, good learners with a relearning 
index >30% developed a significant potentiation of P lasting until the second training session 24 hours later, which resulted 
in a further enhancement. SF of the evoked test potentials increased in good learners with a similar time course after 
conditioning but without initial depression. After 7 days P showed still enhanced but non-significant values. Poor learners 
with a relearning index <10% did not develop a potentiation of P after conditioning and initial inhibition, but a long-term 
depression. Also SF of test potentials decreased in poor learners during 4 hours after conditioning and returned almost to 
baseline until the following day. After 7 days, P and SF did not differ from baseline. The analysis of the observed synaptic 
changes by E-S curves demonstrated the post-tetanic LTP seems to differ in some ways from post-conditioning LTP in 
good learners. The latter exhibits a clear tendency of a right shift contrary to the left shift commonly occurring after 
tetanization. Furthermore poor learners do not only fail to produce long-term potentiation, but fail to show a change in the 
opposite direction with a left shift of the E-S curves. The observed correlation of LTP in the conditioning pathway with the 
learning ability suggests an involvement of LTP at least in the acquisition and early retention of this learned behavior. The 
results do however not finally clarify the role of LTP in long-term retention. 
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SINCE the first description of in vivo long-term potentiation correlations between discharges of hippocampal units or 


(LTP) by Bliss and coworkers [18,19] and the subsequent 
investigation in vitro [5], this phenomenon was considered as 
a possible mechanism of permanent memory traces, because 
among the neurophysiological changes of synaptic efficacy 
only LTP exhibits a considerable duration lasting several 
days or even weeks [29,61]. However, several questions 
arose with regard to such an assumed functional significance 
of LTP. The induction was commonly performed using elec- 
trical stimulation with pulse trains of 15—400 cps, but it was 
not yet proved whether the stimulation of a defined pathway 
correspond to physiological activation or whether the result- 
ing potentiation of a synaptic transmission leads to behav- 
ioral changes during the learning task. In several studies, 


synaptic potentiation and the stimulus presentation or time 
course of conditioning [14,64] have been actually found. We 
observed that the pop-spike amplitude of the field potential 
in the dentate area evoked by stimulation of the rat medial 
entorhinal cortex increased after acquisition of a foot-shock 
motivated brightness discrimination [63]. This increase was 
only significant in good learners, active controls exhibited 
mainly an insignificant depression of the amplitude. But even 
these changes can only be regarded as correlates of the learn- 
ing procedure and have not definitively proved to be a sub- 
strate of the corresponding memory trace. Another question 
deals with the duration of LTP. Even under favorable exper- 
imental conditions in vivo LTP lasts several weeks only, 
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whereas permanent memory seems to exist in human beings 
for decades. It is not clear if technical reasons account for 
the temporal limitation to the LTP-registration, or if addi- 
tional mechanisms are involved in the formation of a perma- 
nent trace. 

To further elucidate these problems, it could be helpful to 
include a defined synaptic population of the hippocampal 
structure into a neuronal pathway necessarily involved in the 
acquisition and performance of a learned behavior. There- 
fore, we used the electrical stimulation of the perforant path 
as a conditioning stimulus in a two-way active avoidance 
with impulse trains similar to those employed in the induc- 
tion of LTP. This experimental task permits to directly corre- 
late the acquisition and retention of the learned behavior and 
the extent as well as the duration of occurring changes of the 
synaptic efficacy in the conditioning pathway, as already 
shown in preliminary and methodical studies [58,62]. The 
present study shows that LTP-like changes seem to be in- 
duced by conditioning in a synaptic population necessarily 
involved in stimulus processing, and that some qualitative 
aspects of these changes do correspond to behavior. 


METHOD 
Subject and Electrode Implantation 


The experiments were carried out on 30 male Wistar rats 
weighing between 220 and 300 g. Bipolar parallel stimulation 
electrodes (distance 0.5 mm) from teflon-coated stainless 
steel wire (dia. 125 4) were implanted unilaterally under 
nembutal anaesthesia in the perforant path originating from 
the entorhinal cortex (stereotaxic coordinates according to 
Skinner [67] AP —6.9, lat. 4.1, d. 4.1). For monopolar re- 
cording similar electrodes were implanted in the dentate area 
of the ipsilateral dorsal hippocampus (AP —2.8, lat. 1.8, d. 
3.7). To ensure an optimal position of stimulating and record- 
ing electrodes, the implantations were performed under con- 
trol of the evoked monosynaptic field potentials. After the 
experiments, histological investigations were carried out to 
verify the position of these electrodes. 


Electrical Stimulation 


The perforant path was stimulated with a monophasic 
Square wave generator and a constant current unit. The 
generator and the stimulating electrodes were connected by 
opto-electronic coupling. Before the beginning of the exper- 
iments, input-output (I/O) curves were established with the 
following components of the evoked monosynaptic field po- 
tential of the dentate gyrus as parameters: SF: slope function 
of the extracellular field EPSP reflecting synchroneous 
synaptic activation, P: amplitude of the population spike re- 
flecting the synchroneous discharge of granule cells [3, 24, 
49]. A detailed description of recording and field potential 
analysis was given elsewhere [48,71]. On the basis of the 
minimal stimulus intensity evoking a maximal amplitude of 
the population spike, SF and P of 10 potentials evoked by 
test stimuli with a frequency of 0.2 Hz and the following 
three current intensities were determined for each animal: 
intensity A: pop-spike threshold intensity, intensity B: 50% 
of maximal amplitude intensity, intensity C: 80% of maximal 
amplitude intensity. 

The stimulus intensity of the CS-trains was used in the 
range from the twofold pop-spike threshold intensity to 40% 
of maximal amplitude intensity. The mean of the individual 
current intensities of CS-trains amounted to 136+ 10 wA. The 
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duration of single test stimuli and of the individual pulses of 
the CS-trains amounted to 0.1 msec. The potentials evoked 
by the test stimuli were stored on an 8-channel tape recorder 
(Lyrec) and analyzed with a PDP-12 computer averaging 8 
subsequent potentials and calculating the slope function of 
the EPSP (mV/sec), the amplitude of the population spike 
(mV), as well as the latencies of these components. The 
results were statistically evaluated (Wilcoxon’s range test 
and U-test, respectively) (Figs. 1 and 2). 


Avoidance Training Procedure 


The shuttle box used for the training was constructed of 
two boxes (18x20 cm) separated from each other by a 6 cm 
high hurdle. One to two weeks after implantation of elec- 
trodes the animals were habituated to the experimental situ- 
ation. After determination of the individual intensities for 
stimulation and registration of the corresponding control 
values for EPSP slope function and population spike ampli- 
tude, one day before training each animal received 15 UCS 
(700-900 4A, maximal duration 12 sec) from the grid floor 
with a mean interval of 60 sec to jump across the hurdle into 
the opposite box, where the grid was without current. A 
jump onto the hurdle was also punished. The first training 
procedure was performed on the following day (day 1), re- 
learning took place on day 2. Forty trials with an intertrial 
interval of about 60 sec were used in each session. In order 
to eliminate the interference of circadian rhythms all behav- 
ioral tests were carried out at the same time. The CS (perfo- 
rant path stimulation) consisted of impulse trains of 15 cps 
and 670 msec duration (=10 single stimuli of 0.1 msec) fol- 
lowed by an interval of 330 msec before the next train. If the 
animal displayed a conditioned response (latency<6 sec), 
both CS and UCS were switched off by means of an auto- 
matic sensor, which was activated when the rat reached the 
safe goal box. Six sec after onset of CS, UCS was given for 
maximal 12 sec; with the end of UCS, also CS was termi- 
nated. 

During behavioral and recording stages of the experi- 
ments EEG was continuously monitored. Five rats out of the 
total number of 30 were not included in the final evaluation, 
because they showed considerable afterdischarges during 
CS-stimulation. 

For comparison of good and poor learners, the relearning 
index RI was calculated after the relearning session on day 2 
according to the formula: 


training UCS — relearning UCS 


acute training UCS 


x 100 





Animals with a RI<10% were taken as poor learners, rats 
with a RI>30% were regarded as good learners. Four out of 
the remaining rats with a RI>10<30 were not considered for 
the comparison of good and poor learners. 


Control Stimulation 


A special group of 10 rats was prepared as previously 
described. After determination of the individual stimulus in- 
tensity for perforant path stimulation the animals were stimu- 
lated in two sessions with 8 pulse trains per trial according to 
the schedule of the training and relearning procedure (15 cps, 
670 msec duration, 330 msec intertrain interval, 0.1 msec 
impulse duration, 40 trials per session) on subsequent days. 
The number of 8 trains per trial corresponded to the mean of 
trains per trial of all experimentally trained animals. 
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FIG. 1. Schema of the experimental arrangement. (A) Stimulation of 
the perforant pathway, either as conditioned stimulus or as test 
stimulus. Recording of field potentials evoked by test stimuli in the 
dentate area (molecular layer). (B) Typical evoked potential with 
population EPSP and population spike. SF denotes the slope func- 
tion (mv/msec) of the EPSP wave, P denotes the amplitude (mV) of 
the population spike. (C) Shuttle-box arrangement with UCS (foot- 
shock from the grid floor) and CS (stimulation of perforant pathway 
by impulse trains). (D) Parameters and time schedule of UCS and 
CS, respectively. 


RESULTS 


Control Experiments 


The application of UCS alone made the animals to quickly 
perform the unconditioned response with decreasing latency 
in the course of the UCS session of 15 trials [62]. Straight 
afterwards, the SF of test stimuli was significantly increased. 
P increased only in the case of pop-spike threshold intensity, 
but decreased consistently and significantly with higher 
stimulus intensities. These changes were always accom- 
panied by shortening of pop-spike latency (Table 1). How- 
ever, these changes were neither strong nor persistent, 
baseline values were reached 24 hours later before the be- 
ginning of the training procedure. 

The unpaired stimulation of the perforant path did not 
produce any detectable behavioral reactions. The animals 
showed neither disruption of ongoing spontaneous move- 
ments nor stimulus-correlated induction of attention or 
stereotypic movements. Using the same schedule as in the 
training procedure when paired with UCS, the unpaired 
stimulation did not influence SF after the first session. 
Twenty-four hours after the second stimulation session, a 
slight increase of SF could be observed (Fig. 3). Contrary to 
these negligible alterations in the EPSP component, P 
showed more pronounced changes: A significant depression 
occurred, which transiently recovered for 1 to 4 hours after 
the first stimulation session, but was again significant at the 
end of the first day. After the second stimulation session, a 
depression was obtained as on the first day. The decrease of 
the amplitude remained until the end of day 2, though being 
no longer significant. 


UCS control : : ee 
A “A 


baseline 


day 1 learning 223 


day 3 retests 

dey 7 168 h 
FIG. 2. Time schedule of the experiment. Dotted bars: habitua- 
tion to the shuttle-box (20 min before UCS control, 10 min before 
conditioning and re-testing, respectively), stippled bars: UCS con- 
trol, striped bars: conditioning (50-60 min). A: Test stimuli. 


Avoidance Learning 


The learning curve of all the trained animals demon- 
strated that 25% CR were obtained with the last ten trials of 
the learning session. A similar percentage was achieved by 
the rats during the first ten trials of the relearning session on 
day 2, indicating a retention of the learned behavior, which 
served as a basis for a further increase of conditioned re- 
sponses reaching about 60% with the last ten trials of relearn- 
ing (Fig. 4). The relearning index RI of all 25 trained rats 
amounted to 36%. According to their individual RI, the 
animals can be subdivided into 14 good learners with 
RI>30% and 7 poor learners with RI< 10%. Comparing the 
learning curves of both groups, considerable differences ap- 
peared already on the first day (Fig. 4): Good learners dis- 
playing 44% CR within the last ten trials of day 1, preserved 
this result to the next day thus reaching finally 88% CR in the 
last ten trials of relearning. The poor learners however, only 
performing 6% CR at the end of day 1, did not preserve any 
retention and reached finally only 10% CR on the second day 
starting again at zero level. Thus, the resulting RI for good 
and poor learners amounted to 55% and 4%, respectively. 
The low frequency test stimulus of 0.2 cps applied by the 
same route of stimulation as the CS-trains was regarded as 
non-reinforcing stimulus paradigm. Test stimuli when given 
later than 2 min after the training procedure did never elicit 
conditioned responses. Only in a few animals, a jump across 
the hurdle could be evoked, when the stimulus with the high- 
est intensity (C) is employed immediately after training. 


Time Course of the Evoked Potentials 


The evoked potentials exhibited considerable quantitative 
as well as qualitative differences between good and poor 
learners. The SF of the good learners test potentials in- 
creased during the first four hours after both learning and 
relearning to a significantly enhanced level above the 
baseline and increased further or remained at least signifi- 
cantly elevated for 24 hours (Fig. 5). After seven days, the 
increase of the slope function was no longer significant. 
However, in several rats the increased value of slope func- 
tion at the end of day 2 remained unchanged during the 
week. The poor learners showed an inverse alteration. The 
slope function decreased significantly during the four hours 
after training, returning very slowly to baseline within 24 
hours. The same changes occurred after relearning on day 2. 
Contrary to good learners, not a single poor learner showed a 
slope function value above baseline 24 hours after learning or 
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TABLE 1 


INFLUENCE OF APPLICATION OF 15 USC WITH SUBSEQUENT CR ON THE POPULATION 
SPIKE AMPLITUDE AND LATENCY AND ON THE SLOPE OF THE EPSP COMPONENT OF THE 
TEST STIMULUS POTENTIAL 





Pop spike amplitude 


24 hr later 
after 15 UCS before training 
baseline mV 


intensity = 100% mV % mV % 





0.94 + 0.14 
5.65 + 0.67 
8.70 + 0.88 


1.40 + 0.24 149 
5.09 + 0.74* 90* 
7.42 + 0.80* 85* 


1.13 + 0.18 120 
5.45 + 0.59 96 
8.32 + 0.79 96 
Pop spike latency 


after 15 UCS 


baseline msec 
= 100% 


msec % 


before training 


msec % 





3.74 + 0.17 
3.33 + 0.09 
3.13 + 0.07 


3.40 + 0.17* 91* 
3.07 + 0.08* 92* 
2.96 + 0.07* 95* 


3.64 + 0.19* - Lg 
3.26 + 0.09 98 
3.07 + 0.07 98 


EPSP slope function (mV/sec) 


24 hr later 
after 15 UCS before training 
baseline 


= 100% mV/msec 


mV/msec % 





6.66 + 0.54 
9.01 + 0.66 
10.62 + 0.78 


7.05 + 0.66* 
9.98 + 0.82* 
11.55 + 0.90* 


6.51 + 0.60 98 
9.15 + 0.77 102 
10.75 + 0.85 101 





Values + SEM, *p<0.05. 


relearning. After 7 days no significant differences from 
baseline were observed. 


The time course of the population spike amplitude dif- 
fered from that of the slope function (Fig. 5). Immediately 
after training a considerable depression of the amplitude was 
ascertained in both good and poor learners, as already shown 
in the stimulation control. Only in 6 out of the 25 trained 
animals the test stimulus intensity A evoked a population 
spike. The intensity B elicited a pop-spike only in 65% of 
rats, the highest intensity C resulted in any case in strongly 
depressed amplitudes of the population spike. But whereas 
in good learners this depression returned during the first 
hour after training and changed to a considerable enhanced 
amplitude 4 hours after the learning procedure, poor learners 
exhibited only an incomplete compensation of the initial de- 
pression four hours after training. Single observations indi- 
cated that the enhancement of P in good learners seems to 
increase further at least until the 6th hour after training. Fur- 
thermore, the good learners revealed a persistent significant 
increase of the pop-spike 24 hours after training and relearn- 
ing, at the same time the poor learners remained in a de- 
pressed state of P. Enhanced population spikes in good 
learners could be observed also seven days after learning, 
but the difference to baseline was not significant due to the 
increased individual variance. In poor learners baseline val- 


ues of P were observed one week after learning, the return 
seemed, however, to occur quite earlier. Correlating the in- 
dividual changes of slope function and population spike am- 
plitude (SF and P) at different times after the initial pop-spike 
depression (4 and 24 hours after learning as well as 4 hours 
after relearning) most of the good learners were shown to 
exhibit an increase in both parameters (Fig. 6). 

In order to evaluate more precisely the nature of the ob- 
served changes after conditioning and to compare with post- 
tetanic alterations, E-S curves were ascertained from differ- 
ent conditions and times of determination. Figure 7 shows 
the E-S curves from the three test-stimulus intensities of 
baseline determination, as well as immediately and 24 hours 
after the control-UCS procedure. The curves reveal a 
changed slope immediately after UCS, returning to baseline 
conditions 24 hours later. The E-S curves from post-tetanic 
potentiation (Fig. 8A) demonstrate a left shift of the curve 
without distinct change of the slope. The E-S curves after 
conditioning clearly differ from those of the post-tetanic 
condition. They show in good as well as in poor learners the 
same change of the slope occurring after impaired UCS pro- 
cedure (Fig. 7), but then differences between good and poor 
learners became evident: good learners revealed a clear 
tendency of a right shift, whereas poor learners exhibit a 
slight left shift. 
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FIG. 3. Time course of the slope function of the EPSP-component 
(SF) and of the amplitude of the population spike (P) after control 
stimulation of the perforant pathway alone in % of baseline. Black 
bar: control stimulation. &: p<0.05 compared to baseline. 
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FIG. 5. Results of conditioning. Top: % Conditioned reactions of 
subsequent blocks of 10 trials, good learners: filled circles, poor 
learners: open circles. Bottom: Time course of the slope function of 
the EPSP-wave (SF) and of the amplitude of the population spike (P) 
in % of baseline before UCS-control. Dotted bar: conditioning. @: 
p<0.05. 


Histological Examination 


All stimulating electrodes were positioned in the perfo- 
rant path. The recording electrodes were found to be lo- 
calized in the internal blade of the dentate area or in the 
hilus. Differences of the localization of both electrodes with 
regard to good learners could not be detected. 


DISCUSSION 


Numerous investigations made during the last decade 
aimed at elucidating the molecular and cellular mechanisms 
underlying the long-lasting potentiation of synaptic trans- 
mission after tetanization. This particular interest was obvi- 
ously due to the assumption that this phenomenon could be 
considered as one of the fundamental processes underlying 
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FIG. 4. Behavioral results: Top: % Conditioned reactions of blocks 
of 10 trials. @: Good learners, RI>30%, ©: Poor learners, RI< 10%. 
QO: All animals. Bottom: Unconditioned reactions on day 1 and day 2 
as well as the resulting relearning index. White columns: all animals, 
stippled columns: good learners, striped columns: poor learners. 
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FIG. 6. Correlation of changes of P (mV) and of SF (mV/msec) of the 
individual animals. Open symbols: poor learners, filled symbols: 
good learners. O@: 4 hours after Ist conditioning session (day 1), 
AA: 24 hours after Ist conditioning session, DM: 4 hours after 2nd 
conditioning session (day 2). ©: Baseline=0. 


the permanent storage of information in the nervous system, 
thus representing a neuronal substrate of memory formation. 
In spite of the experimental efforts the nature of long-term 
potentiation (LTP) remained still obscure. Also the role in 
memory formation can hardly be determined at present, as 
recently discussed by Teyler and Discenna [70]. 

Increase or decrease of synaptic efficacy can be induced 
by brief trains of higher frequency. The duration of these 
changes depends on intensity, frequency, pulse duration and 
number of stimuli; they are commonly regarded as long- 
lasting changes, if they persist longer than 30 minutes. LTP 
of perforant path-granule cell synapses can be expressed by 
an increase in both the population spike amplitude (P) and 
the slope function of the EPSP component (SF) of the field 
potential evoked by a constant test stimulus delivered to the 
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FIG. 7. E-S curves of evoked potentials from three stimulus inten- 
sities A, B, and C. (A) @: Baseline test stimuli (+SEM), @: test 
stimuli 2 min after UCS control stimulation, 1: test stimuli 24 hours 
after control stimulation. (B) E-S curve of baseline values compared 
with the values of test stimulus intensity C, 4 and 24 hours after the 
lst conditioning session and 4 hours after the 2nd conditioning ses- 
sion (small symbols), mean values from the three determinations: 
large symbols. @: Good learners, O: poor learners. The comparison 
shows the potentiation of both P and SF without changes of the 
slope and x crossings in good learners and the opposite changes in 
poor learners. 


perforant path. However, several authors confirmed the 
early observation of Bliss and Lomo [18] that alterations of 
SF and P in the course of long-term potentiation do not 
strongly correlate, increases of P may occur without changes 
of SF, or P may increase much stronger than SF [6]. Changes 
of P expressing the final output of the granule cells, however, 


have been mainly used for evaluation of LTP. But the in- 
complete quantitative correlation of SF and P seems to indi- 
cate the involvement of more than one single mechanism in 
the formation of LTP or, at least, the contribution of addi- 
tional influences modulating the chain of events between the 
presynaptic fiber volley and the granule cell action potential. 

Regarding the processes and influences being responsible 
for “TP, molecular and cellular mechanisms in the afferent 
terminals and targeted cells should be distinguished from 
functional conditions and influences due to the position of 
the principal cell in the neuronal network and the action of 
heterosynaptic inputs on the integrative function and the re- 
sulting final output of the cell. The properties and mech- 
anism of LTP have been extensively studied during the last 
years and reviewed [10, 12, 23, 27, 32, 35, 38, 40, 44, 46, 47, 
55, 72, 77, 78]. The results may altogether suggest the exist- 
ence of different mechanisms underlying the complex func- 
tional phenomenon of LTP. Therefore, they should not be 
regarded as alternatives excluding each other by all means. 
On the contrary, the phenomenon of LTP may be an expres- 
sion of different cellular processes forming subsequent and 
interfering phases according to the time constants of their 
formation and decay in a similar manner as proposed in 
multi-stage models of memory formation [69,70]. In any 
case, high frequency trains of afferent volleys obviously in- 
duce short-term as well as long-term changes, which finally 
alter the input-output relations of particular neuronal cells. 
Even if the nature of LTP remains to be elucidated, the 
properties of this phenomenon suggest an involvement in 
memory formation. Mainly the long duration of weeks or 
months supported such a conception. The pronounced 
occurrence of LTP in hippocampal structures, which obvi- 
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FIG. 8. E-S curves obtained from test potentials of the three 
stimulus intensities A, B, and C before and at different times after 
tetanization or conditioning. (A) Tetanization; 200 cps, stimulus du- 
ration; 0.25 msec, 15 trains with 20 impulses, train interval; 5.0 sec. 
O: Baseline, V: 2 min, 0: 7 min, (©): 30 min, @: 60 min after tetani- 
zation. (B) Post-conditioning changes in good learners. O: Baseline, 
A: 2 min, O: 4 hours, @: 24 hours after conditioning. (C) Post- 
conditioning changes in poor learners, symbols as in (B). Insets: 
conditioned avoidance of the two learning sessions on the subse- 
quent days in good and poor learners, respectively. P:mV, 
SF:mV/msec. 


ously play an important role in memory formation and re- 
trieval, further support this view. 

Finally, the indices for a multi-stage time course of LTP 
similar to the subsequent stages of memory formation [45] 
would validate that LTP could represent one of the cellular 
mechanisms of memory. But with regard to this assumed role of 
LTP in one of the most important functions of the brain, only 
few attempts have been made to elucidate this problem and to 
directly prove this assumption. Several indirect indications of 
the changed excitability of hippocampal neurons during learn- 
ing were already obtained before the discovery of LTP [64, 65, 
66] as well as in the following years [13, 14, 15, 16, 25, 59, 
75]. These investigations showed alterations in unit activity 
of hippocampal cells in different learning tasks being in cor- 
respondence with the presentation of conditioning stimuli as 
well as to the development of the learned behavioral re- 
sponse. Demonstrating a functional plasticity of hippocam- 
pal neurons in this way, the similarity of the time course and 
persistence of these changes suggested that they could be 
due to long-term functional changes of their synaptic inputs. 
This assumption was then supported by the observations of 
Thompson [72]. He obtained a close correlation between the 
increase of a directly measured field potential and the devel- 
opment of a learned behavior, particularly on the second day 
of conditioning. Only Jaffard and Jeantet [42] investigated 
the changes of excitability in CAl neurons several hours 
after learning. They observed a short-term increase in the 
EPSP amplitude with a maximum at 69 min after the first 
session of a bar press operant conditioning procedure, and 
suggested the occurrence of another mechanism in memory 
formation being different from LTP. Berger [17], attained an 
improved behavioral learning in rabbits after producing hip- 
pocampal LTP by perforant path stimulation. However, 
learning and retention of learned behavior can be modified 
by various stimulation paradigms. In our laboratory we in- 
vestigated the change of evoked potential in the stratum 
moleculare of dentate gyrus after stimulation of the medial 
entorhinal cortex before and at different times after the ac- 
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quisition of a brightness discrimination in rats [63]. We ob- 
tained a slowly developing increase of P reaching significant 
differences to baseline only 4 hours after completion of train- 
ing. The animals were grouped according to their learning 
results: only good learners exhibited a significant enhance- 
ment of P, poor learners only a tendency of enhancement. In 
this behavioral paradigm, SF of both trained pseudo- 
trained animals did not change. 

However, the correlations between synaptic alterations 
and learning behavior observed in all these studies do not 
prove the direct involvement of the synaptic populations 
under investigation in the formation of the corresponding 
memory traces. Nevertheless, several sensory inputs should 
be mediated through the entorhinal cortex to hippocampal 
structures [26]. Therefore, we substituted a direct stimula- 
tion of the perforant path for a possible conditioning input 
from entorhinal cortex in an active avoidance task. In this 
way, the same perforant path-granule cell synapses neces- 
sarily involved in the elaboration of the learned behavior can 
be measured by test stimuli from the electrode, from which 
the conditioning stimuli were delivered. Impulse trains in the 
range from 15 to 100 cps, but not single impulses could be 
used as conditioning stimuli [62], the lower frequence being 
more effective and not eliciting so much spontaneous jumps 
as 100 cps trains. The learning curves on days 1, 2 and 10, 
respectively, expressed a slow post-session development of 
a trace and indicated also the good retention of the learned 
behavior. 

Using this paradigm, CS-evoked potentials as well as 
post-trial stimulus potentials were investigated [58]. The SF 
of post-trial test stimuli increased between the first and sec- 
ond training session on subsequent days and was still en- 
hanced on day 10. P decreased, however, more or less in- 
tensely during training sessions. The EPSP component of 
CS-stimulus potentials increased, too, but only significantly 
in good learners. The evoked potentials of within-trial CS- 
stimuli, as well as those of immediately given post-trial test 
stimuli seem to be considerably influenced by a still ongoing 
heterosynaptic activity due to training conditions. This can 
be inferred from an investigation of Thompson [72] who 
compared between-trial and within-trial stimulation. These 
heterosynaptic influences of the training procedure may af- 
fect the evaluation of the long-term changes in the perforant 
path-granule cell synapses. In the present study we investi- 
gated the development of the long-term changes by test 
stimuli also several hours after conditioning, when the im- 
mediate neuronal activity due to the training conditions has 
already disappeared and the assumed long-term enhance- 
ment should be detectable without disturbances. Further- 
more, the evaluation of functional changes several hours 
after conditioning could probably disclose processes and 
mechanisms not detectable by within-trial or post-trial test 
stimuli. Therefore it was also particularly interesting to eval- 
uate the effects of the single experimental influences on the 
evoked test potentials. After performing the UCR alone, 
only small but significant changes of P as well as of SF oc- 
curred, which declined to baseline in the course of the fol- 
lowing 24 hours. The analysis of these changes by E-S 
curves, plotting SF against P of the potentials evoked by the 
three test stimulus intensities, reveals only a decreased slope 
of the E-S curve immediately after UCR without changing 
the pop-spike threshold (Fig. 7). This would indicate that 
both UCS and UCR did only cause a negligible change in 
sensitivity of the excitatory perforant path input, but a de- 
creased responsiveness of the granule cells especially at 
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higher levels of synaptic input. We would like to suggest that 
UCR results in a transient heterosynaptic inhibition. 

The control stimulation of the perforant path with impulse 
trains of 15 cps according to the schedule employed for CS in 
the learning procedure did not influence the EPSP compo- 
nent of test potentials on the first day, but slightly increased 
their EPSP-slope on the following day after the second 
stimulation session (Fig. 4). However, at this time no poten- 
tiation of P was obtained. On the contrary, the control stimu- 
lation produced a pop-spike depression of test potentials, 
which was most pronounced immediately after the stimula- 
tion sessions, but remained still significant after 24 hours. 
Therefore we can conclude that the repeated activation of 
the perforant path with impulse trains of 15 cps according to 
our stimulation schedule seems not to produce a potentia- 
tion, but rather a longer lasting depression of the population 
spike. Such depression was already mentioned to occur 
primarily following low frequency tetanic stimulation [39]. 

An initial strong depression of P occurred also after con- 
ditioning both in good and poor learners and should therefore 
mainly be attributed to the repetitive stimulation of granule 
cells by low frequency impulse trains. E-S curves obtained 
from test potentials immediately after conditioning reveal a 
decreased slope without changing the pop-spike threshold 
(Fig. 8 B and C). This result points to a heterosynaptic inhi- 
bition of granule cell discharge. Basket cells were primarily 
considered to realize a feed back inhibition receiving excita- 
tory inputs from axon collaterals of the granule cells and 
inhibiting them by GABAergic synapses terminating at the 
soma and the proximal dendrites. This feed back control 
seems, however, to act mainly when action potentials from 
the principal cells were already delivered [4]. Therefore, the 
activation of this inhibitory feed back would not exclusively 
account for the depression of the pop-spike of single test 
stimuli after perforant path stimulation with our low fre- 
quency impulse trains either used in control stimulation or in 
conditioning. But if we take into account a direct activation 
of inhibitory cells by the stimulated perforant path fibers, a 
feed forward inhibition would occur independent of granule 
cell firing [21]. The evidence of such a feed forward inhibi- 
tion in the hippocampus and the functional consequences 
were recently reviewed by Buzsaky [22]. If inhibitory 
neurons in a feed forward system would have mechanisms 
for longer lasting potentiation of their excitatory perforant 
path inputs, like those existing in the principal cells, even a 
more or less persisting heterosynaptic inhibition could con- 
comitantly interfere with long-term potentiation in granule 
cells or pyramidal neurons. The occurrence of such a kind of 
long-term depression seems to depend on the stimulus fre- 
quency or on the duration of stimulation. 

Whereas the decreased slope of the E-S curves from test 
potentials suggested the occurrence of a _ transient 
heterosynaptic inhibition during this initial stage of strong 
pop-spike depression immediately after control stimulation 
or conditioning, the following longer lasting stage of a less 
pronounced depression of P observed in poor learners seems 
to be qualitatively different. This late depression of P is ac- 
companied by a strong decrease of SF, so that during this 
second stage the E-S curves of the test potentials no longer 
exhibit a decreased slope, but rather a distinct left shift (Fig. 
8 C). This alteration slowly recedes. We may conclude that 
poor learners obviously develop a long lasting depression of 
the perforant path-granule cell synapses mainly due to a re- 
duced EPSP component, which follows the initial short-term 
heterosynaptic inhibition. 
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In good learners, the same initial heterosynaptic inhibi- 
tion occurs, as after control stimulation or after conditioning 
in poor learners. Contrary to the following second stage of 
depression in poor learners, a subsequent long lasting in- 
crease of both P and SF developed in the course of 4-6 
hours, remaining significantly enhanced for more than 24 
hours. Even 7 days after conditioning, they are still en- 
hanced in some animals. The E-S curves of the correspond- 
ing test potentials showed a decrease slope immediately after 
conditioning, thus expressing the same heterosynaptic de- 
pression as observed in poor learners (Fig. 8 B). Four and 24 
hours later, the slope returned to that of baseline test poten- 
tials, but the E-S curve exhibits a right shift and shows en- 
hanced P and SF values for corresponding test intensities. 
One week after conditioning, nearly all changes returned to 
baseline level. 

Summarizing these results we may conclude that rats 
successfully acquiring an active avoidance behavior by 
means of repetitive low frequency stimulation of the perfo- 
rant path as a conditioning stimulus slowly develop a long- 
term potentiation at the granular cell synapses. The question 
arises, if this long-lasting change of synaptic function corre- 
sponds to the alterations after tetanization of the perforant 
path with repetitive high frequency impulse trains mainly 
used to produce LTP. The comparison of experimental data 
discloses at least two differences: After high frequency 
tetanization, we obtained neither such strong immediate de- 
pression of P nor the corresponding decreased slope of the 
E-S curve, but an immediate potentiation of P accompanied 
by a distinct left shift of the E-S curve (Fig. 8 A), indicating 
the fast development of post-tetanic LTP contrary to the 
slowly developing post-conditioning long-lasting potentia- 
tion. Furthermore post-tetanic LTP can be produced by 
stimulating the perforant path alone, however, the post- 
conditioning potentiation did not take place after the low 
frequency control stimulation, but only when employed as 
CS in conditioning. After all, the late phase of post- 
conditioning potentiation is characterized by an increase of 
both SF and P in such a way that the resulting E-S curve 
shows an unchanged slope accompanied by a slight right 
shift (Fig. 8 B). 

The alterations of synaptic functions in poor learners dif- 
fer considerably from both post-conditioning in good learn- 
ers and post-tetanic potentiation. They are characterized by 
a long-lasting inhibition after the initial stage of 
heterosynaptic depression occurring in all learning animals. 
This late long-term inhibition correlates with a decrease of 
both SF and P, the former appearing more prominent, thus 
differing from long-lasting depression after CS-control stimu- 
lation, which shows only a decreased P without change of 
SF. The long-term inhibition observed in poor learners 
seems not to express an insufficient ability to develop a 
long-term enhancement as good learners do, but rather to 
indicate a slow change of the same mechanism in the oppo- 
site direction, as demonstrated in Fig. 6. The P/SF relation 
can be shown to remain relatively stable in both good and 
poor learners, i.e., in all conditioned animals independent of 
the differences in the amount or direction. The mean of the P 
and SF values of all animals during the fully developed 
post-conditioning potentiation revealed a transformation 
quotient P/SF of about 1.9. Deviations from this slope would 
probably point to additional homosynaptic or heterosynaptic 
influences, or to particular conditions for recording of the 
field potentials. This stability of the quotient P/SF could also 
argue for a postsynaptic site of the mechanisms underlying 
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the kind of changed synaptic efficacy only observed in con- 
ditioned animals, but not in CS-control stimulation. They 
seem also to be related to the dendritic region of the ac- 
tivated conditioned input of the corresponding granule cells. 

This assumption is supported by not yet published find- 
ings of Miiller-Welde er al. from our laboratory. We observed 
that the learned response acquired with perforant path stimu- 
lation as CS can only be elicited by activation of the same 
pathway, but not by an analogue stimulation of the commis- 
sural input, and vice versa, thus bearing a slight resemblance 
to similar experiments with tetanization [33,56]. The mi- 
croautoradiographic evaluation of the postsynaptic incorpo- 
ration of labeled fucose after conditioning with perforant 
path stimulation performed in our laboratory by Pohle e¢ al. 
did also support this assumption. It could be shown that the 
incorporation differently increased in the particular layers 
corresponding to the different inputs. These results led to the 
question of the underlying mechanisms of the observed 
post-conditioning long-term changes after conditioning. Ex- 
perimental results on post-tetanic LTP, which were dis- 
cussed in detail elsewhere [69,70] point to several principles. 
Ionic movements in the course of tetanization, mainly with 
regard to Ca**-ions [1, 7, 34, 76], but also an increased re- 
lease of transmitter and subsequent receptor activation 
[28,68] were considered to trigger intraneuronal processes 
resulting in LTP [9, 10, 11, 12, 52, 53]. Phosphorylation of 
synaptic proteins [8, 20, 41, 50, 73] modulated by calmodulin 
[57], as well as phospholipids [2,36] seem to be involved in 
these regulatory events. Also the synthesis of mac- 
romolecules has been observed during formation of LTP [31, 
40, 74], which can adequately be prevented by inhibitors of 
protein synthesis [45]. We observed an increased formation 
of glycoproteins in the dentate area after conditioning by 
perforant path stimulation as compared to stimulation con- 
trols, supporting the assumption of the involvement of newly 
synthesized macromolecules in the principal cells at least in 
later stages of long-term enhancement of synaptic efficacy. 
Further investigations are necessary to elucidate whether 
post-tetanic LTP and post-conditioning synaptic enhance- 
ment are based on different mechanism or whether they are 
realized at least partially by identical processes. 

We also paid attention to the raised objection that the 
stimulation of the perforant path might not necessarily in- 
volve the monosynaptic pathway to the granule cells for 
conditioning and the corresponding trace formation, but 
rather the entorhinal cortex and connected structures by 
antidromic activation. In this case, the changed evoked po- 
tentials of the dentate area would only accompany the trace 
formation in other brain regions. However, further still un- 
published research results obtained in our laboratory by 
Ruethrich ef al. showed that microinjections of colchicine 
into the dentate area after determination of baseline values 
for P and SF resulted after 30 days in an expected prevention 
not only of evoked field potentials, but also of the ability to 
acquire the conditioned response with perforant path stimu- 
lation as CS. Morphological evaluation revealed no detecta- 
ble alterations of the entorhinal cortex, but a nearly complete 
and selective destruction of the granule cells. 

These results do confirm that the monosynaptic activa- 
tion of the perforant path-granule cell synapses should 
necessarily be involved in the trace formation of this learned 
behavior. Provided that these synapses would represent the 
main site of the trace no final conclusions could be drawn 
from our present observations. Further investigations should 
determine the duration of the observed post-conditioning 
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potentiation more precisely, too. The mean of the values in 
good learners differed not significantly from baseline on the 
7th day, however, some animals of this group showed still 
the same degrees of potentiation as at the end of the second 
day. What particular conditions would contribute to the 
longer lasting potentiation in these rats? Unfortunately, we 
did not carry out the corresponding behavioral measure- 
ments for technical reasons. It has to be considered that a 
still existing potentiation might escape detection by reason of 
slightly changed position of the electrode tip. On the other 
hand, hippocampal structures would probably function only 
as a transient store or as a working memory. In this case, a 
decay of holding mechanisms would be comprehensible. To 
elucidate all these problems, further experiments have to be 
done taking into consideration some methodical conclusions 
from the present study. Our results obviously point to the 
existence of several mechanisms with a different time course 
contributing to the long lasting changes of synaptic efficacy. 
Their detection and better analysis requires not only the 
measurement of the population spike, but also of the EPSP 
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component of the evoked potentials. It became also evident 
that short-term experiments are not sufficient to explain 
long-term changes of synaptic functions, which would prob- 
ably be realized by different subsequent mechanisms. 

Even if the present study did not definitely elucidate the 
significance of long-term potentiation as a mechanism of 
long-term memory in the central nervous system, our obser- 
vations support the assumption of a direct participation of 
such synaptic changes in the acquisition of learned behavior, 
at least in an experimental task, thus emphasizing the value 
of long-term potentiation as a suitable model of memory re- 
search. Our results further demonstrate some close correla- 
tions between quantitative and qualitative aspects of such 
changes and learning abilities. It has not yet been settled 
whether poor learning would be primarily due to an incapac- 
ity of principal cells to realize a synaptic enhancement, or 
whether the interactions with the neuronal network do not 
provide the necessary conditions for the principal cells to 
produce a long-lasting potentiation. 


REFERENCES 


. Alger, B. E. and T. J. Teyler. Potassium and short-term response 
plasticity in the hippocampal slice. Brain Res 159: 239-242, 
1979. 

. Althaus, H. H. and V. Neuhoff. Neurochemical aspects of 
post-tetanic potentiation of monosynaptic reflexes in the cat 
spinal cord. II. Determination of phospholipids at maximum of 
potentiation. Neurobiology 5: 60-64, 1975. 

. Andersen, P., B. Holmquist and P. E. Voohoove. Entorhinal 
activation of dentate granule cells. Acta Physio! [Scand] 66: 
448-460, 1966. 

. Andersen, P. Organization of hippocampal neurons and their 
interconnections. In: The Hippocampus, Vol |, edited by R. L. 
Isaacson and K. H. Pribram. New York: Plenum Press, 1975, 
pp. 155-175. 

. Andersen, P., S. H. Sundberg, O. Sveen and H. Wigstrém. 
Specific long-lasting potentiation of synaptic transmission in 
hippocampal slices. Nature 266: 736-737, 1977. 

. Andersen, P., S. H. Sundberg, O. Sveen, J. W. Swann and H. 
Wigstrém. Possible mechanisms for long-lasting potentiation of 
synaptic transmission in hippocampal slices from guinea pigs. J 
Physiol 302: 463-482, 1980. 

. Baimbridge, K. G. and J. J. Willer. Calcium uptake and reten- 
tion during long-term potentiation of neuronal activity in the rat 
hippocampal slice preparation. Brain Res 221: 299-305, 1981. 

. Bar, P. R., A. M. Tielen, F. H. Lopes da Silva, H. Zwiers and 
W. H. Gispen. Membrane phosphoproteins of rat hippocampus. 
Sensitivity to tetanic stimulation and enkephalin. Brain Res 245: 
69-79, 1982. 

. Baudry, M., M. Oliver, R. Creager, A. Wieraszko and G. 
Lynch. Increase in glutamate receptors following repetitive 
electrical stimulation in hippocampal slices. Life Sci 27: 325- 
330, 1980. 

. Baudry, M., D. Arst, M. Oliver and G. Lynch. Development of 
glutamate binding sites and their regulation by calcium in rat 
hippocampus. Dev Brain Res 1: 37-48, 1981. 

- Baudry, M., M. C. Bundman, E. K. Smith and G. Lynch. Mi- 
cromolar calcium stimulates proteolysis and glutamate binding in 
rat brain synaptic membranes. Science 212: 937-938, 1981. 

. Baudry, M., K. Kramer and G. Lynch. Irreversibility and time 
course of calcium stimulated (*H) glutamate binding to rat hip- 
pocampal memuranes. Brain Res 270: 142-145, 1983. 

. Berger, T. W., B. Alger and R. F. Thompson. Neuronal sub- 
strate of classical conditioning in the hippocampus. Science 192: 
483-485, 1976. 


14. Berger, T. W. and R. F. Thompson. Neuronal plasticity in the 
limbic system during classical conditioning of the rabbit nicticat- 
ing membrane response. I. The hippocampus. Brain Res 145: 
323-346, 1978. 

. Berger, T. W. and R. F. Thompson. Identification of pyramidal 
cells as the critical elements in hippocampal neuronal plasticity 
during learning. Proc Natl Acad Sci USA 75: 1572-1576, 1978. 

. Berger, T. W. Hippocampal cellular plasticity induced by clas- 
sical conditioning. Neurosci Res Prog Bull 20: 723-729, 1982. 

. Berger, T. W. Long-term potentiation of hippocampal synaptic 
transmission effects rate of behavioral learning. Science 224: 
627-730, 1984. : 

. Bliss, T. V. P. and T. Lomo. Long-lasting potentiation of 
synaptic transmission in the dentate area of the anaesthetized 
rabbit following stimulation of the perforant path. / Physiol 
(Lond) 232: 331-356, 1973. 

. Bliss, T. V. P. and A. Gardner-Medwin. Long-lasting potentia- 
tion of synaptic transmission in the dentate area of the un- 
anesthetized rabbit following stimulation of the perforant path. J 
Physiol (Lond) 232: 357-374, 1973. 

. Browning, M., M. Baudry, W. Bennett and G. Lynch. 
Phosphorylation-mediated changes in pyruvate dehydrogenase 
activity influence pyruvate-supported calcium accumulation by 
brain mitochondria. J Neurochem 36: 1932-1940, 1981. 

. Buzsaki, G. and E. Eidelberg. Direct afferent excitation and 
long-term potentiation of hippocampal interneurons. J Neuro- 
physiol 48: 597-607, 1982. 

. Buzsaki, G. Feed-forward inhibition in the hippocampal forma- 
tion. Prog Neurobiol 22: 131-153, 1984. 

. Chang, F. L. and W. T. Greenough. Transient and enduring 
morphological correlates of synaptic activity anc efficacy 
change in the rat hippocampal slice. Brain Res 309: 35-46, 1984. 

. Deadwyler, S. A., E. Dudek, C. W. Cotman and G. Lynch. 
Intracellular responses of rat dentate granule cell in vitro: 
posttetanic potentiation to perforant path stimulation. Brain Res 
88: 80-85, 1975. 

. Deadwyler, S. A., M. West and G. Lynch. Activity of dentate 
granule cells during learning: differentiation of perforant path 
input. Brain Res 169: 29-43, 1979. 

. Deadwyler, S. A. The functional basis of LTP in the behaving 
animal-sensory evoked potentials in the dentate gyrus. Neurosci 
Res Prog Bull 20: 696-705, 1982. 





820 


27. 


28. 


29. 


30. 


a. 


Desmond, N. L. and W. B. Levy. Synaptic correlates of as- 
sociative potentiation depression: an ultrastructural study in the 
hippocampus. Brain Res 265: 21-30, 1983. 

Dolphin, A. C., M. L. Errington and T. V. P. Bliss. Long-term 
potentiation of the perforant path in vivo is associated with 
increase glutamate release. Nature 297: 496-498, 1982. 
Douglas, R. M. and G. V. Goddard. Long-term potentiation of 
the perforant path-granule cell synapse in the rat hippocampus. 
Brain Res 86: 205-215, 1975. 

Douglas, R. M., G. V. Goddard and M. Riives. Inhibitory mod- 
ulation of long-term potentiation: evidence for a postsynaptic 
locus of control. Brain Res 240: 259-272, 1982. 

Duffy, Ch., T. J. Teyler and V. E. Shashoua. Long-term poten- 
tiation in the hippocampal slice: evidence for stimulated secre- 
tion of newly synthesized proteins. Science 212: 1149-1151, 
1981. 


. Dunnwiddie, T., D. Madison and G. Lynch. Synaptic transmis- 


sion is required for initiation long-term potentiation. Brain Res 
150: 413-417, 1978. 


. Dunnwiddie, T. and G. Lynch. Long-term potentiation and de- 


pression of synaptic responses in the rat hippocampus: Lo- 
calization and frequency dependency. J Physiol (Lond) 276: 
353-367, 1978. 


. Dunnwiddie, T. and G. Lynch. The relationship between extra- 


cellular calcium concentrations and the induction of hippocam- 
pal long-term potentiation. Brain Res 169: 103-110, 1979. 


. Fifkova, E. and A. van Harrefeld. Long-lasting morphological 


changes in dendritic spines of dentate granular cells following 
stimulation of the entorhinal area. J Neurocytol 6: 211-230, 
1977. 


. Gispen, W. H. Plasticity in the hippocampal synapses: 


Biochemical aspects. 8th Annual Meeting of the European Neu- 
roscience Association, The Hague, 1984. 


. Halstead, W. C., W. B. Rucker and J. P. McMahon. Memory. 


Annu Rev Med 18: 1-14, 1967. 


. van Harreveld, A. and E. Fifkova. Swelling of dendritic spines 


in the fascia dentata after stimulation of the perforant fibers as a 
mechanism of post-tetanic potentiation. Exp Neurobiol 49: 
736-749, 1975. 


. Harris, K. Developmental changes in plasticity of the evoked 


response in area CAI] of the rat hippocampus. Ph.D. Disserta- 
tion, Kent State University/N.E. Ohio College of Medicine, 
1982. 


. Hesse, G. W., R. Hofstein and V. E. Shashoua. Protein release 


from hippocampus in vitro. Brain Res 305: 61-66, 1984. 


. Hoch, D. B., R. J. Dingldine and J. E. Wilson. Long-term 


potentiation in the hippocampal slice: possible involvement of 
pyruvate dehydrogenase. Brain Res 302: 125—134, 1984. 


. Jaffard, R. and Y. Jeantet. Posttraining changes in excitability 


of the commissural path-CA1 pyramidal cell synapse in the hip- 
pocampus of mice. Brain Res 220: 167-172, 1981. 


- Kawato, M. and N. Tsukahara. Morphological changes in den- 


dritic spines and synaptic plasticity. Neurosci Lett [Suppl] 17: 
46, 1984. 


- Krug, M., R. Brédemann and T. Ott. Blockade of long-term 


potentiation in the dentate gyrus of freely moving rats by the 
glutamic acid antagonist GDEE. Brain Res 249: 57-62, 1982. 


- Krug, M., B. Léssner and T. Ott. Anisomycin blocks the late 


phase of long-term potentiation in the dentate gyrus of freely 
moving rats. Brain Res Bull 13: 39-42, 1984. 


. Lee, K. S., F. Schottler, M. Oliver and G. Lynch. Brief bursts 


of high frequency stimulation produce two types of structural 
change in rat hippocampus. J Neurophysiol 44: 247-258, 1980. 


. Lee, K. S. Sustained enhancement of evoked potentials follow- 


ing brief, high frequency stimulation of the cerebral cortex in 
vitro. Brain Res 239: 617-623, 1982. 


. Lindenau, L., H. Riithrich, R. Brédemann and T. Ott. Tech- 


nique of recording and quantitative analysis of evoked field po- 


tentials of the hippocampus in unrestrained rats. Zh Vyssh Nerv 
Deiat 29: 1315-1318, 1979. 


MATTHIES ET AL. 


. Lomo, T. Patterns of activation in monosynaptic cortical path- 


way: the perforant path input to the dentate area of the hip- 
pocampal formation. Exp Brain Res 12: 18-45, 1971. 


. Lopes da Silva, F. H., P. R. Bar, A. M. Tielen and W. H. 


Gispen. Changes in membrane phosphorylation correlated with 
long-lasting potentiation in rat hippocampal slices. Prog Brain 
Res 56: 339-347, 1982. 


. Lynch, G., T. Dunnwiddie and V. Gribkoff. Heterosynaptic 


depression: a postsynaptic correlate of long-term potentiation. 
Nature 266: 737-739, 1977. 


. Lynch, G., S. Halpain and M. Baudry. Effects of high- 


frequency synaptic stimulation on glutamate receptor binding 
studied with a modified in vitro hippocampal slice preparation. 
Brain Res 244: 101-111, 1982. 


. Lynch, G., J. Larson, St. Kelso, G. Barrionuevo and F. Schot- 


tler. Intracellular injections of EGTA block induction of hip- 
pocampal long-term potentiation. Nature 305: 719-721, 1983. 


. Matthies, H. The biochemical basis of learning and memory. 


Life Sci 15: 2017-2131, 1974. 


. McNaughton, B. L., R. M. Douglas and D. V. Goddard. 


Synaptic enhancement in fascia dentata: cooperativity among 
coactive afferents. Brain Res 157: 277-293, 1978. 


. McNaughton, N. and J. J. Miller. Medial septal projections to 


the dentate gyrus of the rat: electrophysiological analysis of 
distribution and plasticity. Exp Brain Res 56: 243-256, 1984. 


. Mody, I., K. G. Baimbridge and J. J. Miller. Blockade of tetanic 


and calcium-induced long-term potentiation in the hippocampal 
slice preparation by neuroleptics. Neuropharmacology 23: 
625-631, 1984. 


. Ott, T., H. Riithrich, K. Reymann, L. Lindenau and H. Matth- 


ies. Direct evidence for the participation of changes in synaptic 
efficacy in the development of behavioral plasticity. In: 
Neuronal Plasticity and Memory Formation, edited by C. A. 
Marsan and H. Matthies. New York: Raven Press, 1982, pp. 
441-452. 


. Patterson, M. M., T. W. Berger and R. F. Thompson. Neuronal 


plasticity recorded from cat hippocampus during classical con- 
ditioning. Brain Res 163: 339-343, 1979. 


. Patterson, M. M., J. Olah and J. Clement. Nicticating mem- 


brane conditioning in the awake, normal, restrained cat. Science 
196: 1124-1126, 1977. 


. Racine, R. J., N. W. Milgram and S. Hafner. Long-term poten- 


tiation phenomena in the rat limbic forebrain. Brain Res 260: 
217-231, 1983. 


. Reymann, K., H. Riithrich, L. Lindenau, T. Ott and H. Matth- 


ies. Monosynaptic activation of the hippocampus as a con- 
ditioned stimulus: Behavioral effects. Physiol Behav 29: 1007- 
1012, 1982. 


. Rithrich, H., H. Matthies and T. Ott. Long-term changes in 


synaptic excitability of hippocampal cell populations as a result 
of training. In: Neuronal Plasticity and Memory Formation, 
edited by C. A. Marsan and H. Matthies. New York: Raven 
Press, 1982, pp. 589-594. 


. Segal, M. and J. Olds. Behavior of units in hippocampal circuit 


of the rat during learning. J Neurophysiol 35: 680-689, 1972. 


. Segal, M. Dissecting a short-term memory circuit in the rat 


brain. I. Changes in entorhinal unit activity and responsiveness 
of hippocampal units in the process of classical conditioning. 
Brain Res 64: 281-292, 1973. 


. Segal, M. and J. Olds. Activity of units in the hippocampal 


circuit of the rat during differential classical conditioning. J 
Comp Physiol Psychol 82: 195-204, 1973. 


. Skinner, J. E. Neuroscience, a Laboratory Manual. Philadel- 


phia: W. B. Saunders, 1971. 


. Skrede, K. K. and D. Malthe Sgrenssen. Increased resting and 


evoked release of transmitter following repetitive electrical 
tetanization in hippocampus: a biochemical correlate to long- 
lasting synaptic potentiation. Brain Res 208: 436-441, 1981. 


. Teyler, T. J.,G. V. Goddard, G. Lynch and P. Andersen. Prop- 


erties and mechanisms of LTP. Neurosci Res Prog Bull 20: 
644-663, 1982. 





PERFORANT PATH STIMULATION AND LEARNING 


70. Teyler, T. J. and P. Discenna. Long-term potentiation as a can- 


71. 


didate mnemonic device. Brain Res Rev 7: 15-28, 1984. 
Thiemann, W., T. Ott and R. Malisch. Eight-channel com- 
mutator for EEG recording and simultaneous brain electrical 
stimulation in freely moving animals. Zh Vyssh Nerv Deiat 30: 
1092-1094, 1980. 


. Thompson, R. F. Increase in the monosynaptic population spike 


response of the dentate gyrus during classical conditioning. 
Neurosci Res Prog Bull 20: 693-695, 1982. 


. Tielen, A. M., P. N. E. de Graan, W. J. Mollevanger, F. H. 


Lopes da Silva and W. H. Gispen. Quantitative relationship 
between post-tetanic biochemical and electrophysiological 
changes in rat hippocampal slices. Brain Res 277: 189-192, 1983. 


. Vitale-Neugebauer, A., T. Gessi, R. Bartesaghi and A. Giuditta. 


Brain RNA synthesis during hippocampal long-term potentia- 
tion. Abstr Symp Cell Biology of Neuronal Plasticity, vol 106. 
Villasimius Sardinia, Italy, 1983, p. 252. 


821 


. West, M. O., E. Christian, J. H. Robinson and S. A. Dead- 


wyler. Dentate granule cell discharge during conditioning. Exp 
Brain Res 44: 287-294, 1981. 


. Wigstrém, H., J. W. Swann and P. Andersen. Calcium depen- 


dency of synaptic long-lasting potentiation in the hippocampal 
slice. Acta Physiol [Scand] 105: 126-128, 1979. 


. Wigstrém, H., B. L. McNaughton and C. A. Barnes. Long-term 


synaptic enhancement in hippocampus is not regulated by 
postsynaptic membrane potential. Brain Res 233: 195-199, 1982. 


. Wilson, D. A. and R. J. Racine. The postnatal development of 


post-activation potentiation in the rat neocortex. Dev Brain Res 
176: 65-78, 1983. 








Physiology & Behavior, Vol. 36, pp. 823-838. Copyright © Pergamon Press Ltd., 1986. Printed in the U.S.A. 003 1-9384/86 $3.00 + .00 


Lead, Age and Aggression 
in Male Mice’ 


WILLIAM J. ENGELLENNER, RICHARD G. BURRIGHT 
AND PETER J. DONOVICK?* 


Department of Psychology and Center for Neurobehavioral Sciences 
State University of New York at Binghamton, Binghamton, NY 13901 


Received 5 July 1985 


ENGELLENNER, W. J.,R. G. BURRIGHT AND P. J. DONOVICK. Lead, age and aggression in male mice. PHYSIOL 
BEHAV 36(5) 823-828, 1986.—The impact of eleven weeks of ingestion of a 0.5% lead acetate solution on agonistic 
behavior of male Binghamton Heterogeneous stock mice (either 120 or 660 days of age) was examined. Similar aged 
mice were paired for aggression testing. Not surprisingly, younger mice, regardless of fluid history fought more vigorously 
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A constellation of behavior consisting of learning disability 
increased activity and altered social interactions has been 
associated with the neurotoxic effects of lead in young chil- 
dren and has generated a growing research area in which lead 
is administered to nonhumans as a model of childhood lead 
exposure. Such investigations have indicated that exposure 
to lead during prenatal and/or postnatal periods can produce 
differential behavioral alterations later in life (e.g., [15]). 
While it may be true that infants and young children are 
maximally sensitive to lead, it also is true that a large pro- 
portion of occupationally exposed adults suffer from a vari- 
ety of neurobehavioral disturbances [4]. Among these are 
fatigue, weakness, sleeplessness or somnolence, and in- 
creased anxiety. Despite these facts the number of studies 
investigating the behavioral/neurotoxic effects of continued 
lead exposure on adult animals has been relatively small [27]. 

Interpretation of differential effects of lead ingestion in 
differing age groups is difficult and must be attempted cau- 
tiously. A review of the literature shows that the absorption 
and tissue distribution of lead varies throughout the life span 
of the organism [19] and is impacted by many factors. Preg- 
nancy alters lead absorption of the dam [5]; and not surpris- 
ingly, embryonic exposure at different stages of develop- 
ment suggests that whole body concentration of lead in- 
creases with increasing prenatal age [8]. Although complete 
analysis of the impact of lead during various stages of pre- 
natal development are not available, comparisons of pre- vs. 





postnatal ingestion have indicated that delays in develop- 
ment, assessed in terms of synaptogenesis [30] and locomo- 
tion behavior [8], may be attributed primarily to prenatal 
effects. Apparently, during the immediate postnatal period 
there is continued, heightened sensitivity to lead of at least 
some brain regions which decreases sharply by weaning [25]. 
Decreasing sensitivity to lead as a function of age also has 
been observed in children [35]. As suggested previously [12], 
the relative impact of pre- and early postnatal lead 
administration on behavior is complex and task specific. 

In still older organisms the results are even less clear. For 
instance, Rader ef al. [37] compared tissue absorption in 
weanling and adult albino rats. Neither the amount of lead in 
the blood or the brain was affected by the age of the rat. 
Surprisingly, they also failed to observe differential levels of 
lead in the blood or brains of rats given lead once a week 
compared to those administered lead on a daily basis. Com- 
parison of blood-lead levels of younger (4-8 months) and 
older (2-14 years) dogs failed to suggest differential absorp- 
tion of lead across these ages [23]. To further complicate the 
issue, however, are findings which suggest that even within a 
dose/age group, there are markedly different individual pat- 
terns of absorption and/or reactivity to lead [7]. Such results, 
in conjunction with those which suggest that even brief 
changes in diet may alter absorption of lead (e.g., [11]), indi- 
cate some of the cautions demanded in cross-age compari- 
sons. Nonetheless, the above cited literature (e.g., [23,36]) 
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suggests similar absorption patterns in younger and older 
adults maintained under similar experimental conditions. 
With these caveats in mind, the present experiments were 
conducted. 

Behavioral effects of lead administration may be manifest 
most markedly in aversive [15], stressful [42,44], or fear 
provoking situations [18]. In humans alterations in mood, as 
reflected in affective illness in adults [39] and classroom ag- 
gression in children [28] have been associated with exposure 
to lead. Not surprisingly then, pre- and continued postnatal 
exposure to lead can influence social [9] and aggressive [24, 
34, 38] behaviors in mice. Further, a recent study in our 
laboratory [6] found that whenever dominant/subordinate re- 
lationships were established during an agonistic encounter, 
younger male mice which were chronically exposed to lead 
as adults typically were subordinate to age matched controls; 
but the opposite pattern of results was observed for older 
mice. 

However, these previous investigations have not pro- 
vided detailed information about the specific patterns of 
agonistic behaviors in lead exposed and control mice. Thus, 
our understanding of the impact of lead on social behavior is 
limited. The present investigation identifies factors con- 
tributing to changes in social behavior and dominance rela- 
tionships as affected by lead exposure in adult mice of two 
different ages. 


GENERAL METHOD 


Male, Binghamton Heterogeneous (Het) stock mice 
[14,20] that were either 60 or 540 days of age at the start of 
the experiment were used. There were 80 younger adults 


representing 20 different litters and 46 older adults from 17 
different litters. After weaning at 21 days of age and prior to 
their first use in the experiment, all mice were group housed 
with same-sex littermates (5—6/cage) in a large vivarium 
maintained on a timed, 12 hr white/12 hr red-light cycle 
(0700=white-light onset) and a constant temperature of 21°- 
23°C. Charles River mouse chow and tap water were avail- 
able ad lib during this time period. 

At the start of the experiment all animals were individu- 
ally housed and about half in each age group then were as- 
signed to receive either a lead acetate solution (0.5%, w/v) or 
tap water as their sole fluid source for the remainder of the 
experiment. This concentration and mode of lead exposure 
has been used in many rodent studies and in all prior work 
from this laboratory. In young adult HET mice this exposure 
regimen results in blood lead levels of ca. 100 wg/% (cf. 
[13]), a level in line with that reported for ‘subclinical’ human 
data. To minimize precipitation, lead solutions were changed 
approximately every five days. All mice received clean cages 
and pine shavings every other week. 

Eight weeks after initiation of fluid treatment and individ- 
ual housing conditions, all mice were transferred to a phase- 
shifted vivarium to facilitate testing in the early portion of 
the illumination cycle’s dark (red-light) phase. Casual obser- 
vations of general activity and behavior suggested all 
animals were well-adapted to this lighting regime after three 
weeks. Overhead lights in this smaller vivarium also were on 
a 12 hr white/12 hr red-light cycle, but with white-light onset 
at 0300 hr; temperatures were maintained at 21°-23°C. The 
mice were housed undisturbed in this vivarium for 3 weeks 
prior to behavioral testing, and continued on their assigned 
fluid for the remainder of the experiment. 
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AGGRESSION TESTS 1A AND 1B 
Method: Tests 1A and 1B 


Initial behavioral testing (test 1A) was conducted over a 
three day period, eleven weeks after the initiation of lead 
treatment using a procedure shown previously to be effective 
in eliciting aggressive behavior in mice (e.g., [22]). Approx- 
imately twenty-four hours prior to testing a pair of mice were 
separated from each other by an opaque partition in a clean, 
translucent cage (5X6x11 cm). Food and fluid from each 
animal’s home cage were available continuously during this 
period. 

Pairs for the first set of tests (1A and 1B) always consisted 
of non-littermates of the same-age (now either ca. 137 or 610 
days old) that had similar fluid (lead or water) maintenance 
history and were of comparable bodyweight (within 2 
grams). Within these constraints, test pairs were randomly 
determined. All tests were conducted between 1600 and 2100 
hours, under red light illumination in a small, sound at- 
tenuated room adjacent to the vivarium. A pair was brought 
into the room and the 10 minute test session was initiated by 
removing the partition separating the two animals and replac- 
ing the cage top with a clear, acrylic plastic cover to allow 
observation. Several measures, previously described in de- 
tail [21], were recorded. These measures included: the 
latencies to (1) contact and (2) aggression; the frequency of 
(3) fighting bouts (including chases) (4) defense posturing (5) 
squeaking and (6) tail lashing; as well as (7) total time spent 
fighting. Attainment of a dominant/subordinate relationship 
was defined as the first simultaneous occurrence of defense 
posture and squeaking in one member of the pair. When 
pairs did not reach this criterion during the test period, the 
more aggressive member of the pair was identified on the 
basis of which animal initiated the majority of the fighting 
bouts. Immediately following their test session both animals 
were returned to their respective home cages. 

Approximately two weeks after the initial agonistic test 
(test 1A), all the mice were tested again for aggression. Pair- 
ings for the second test (test 1B) were identical to those for 
test 1A. The second test was conducted to provide further 
information concerning the stability of dominance relation- 
ships. Sixty-one pairs of mice (39 younger pairs and 22 older 
pairs) completed both tests 1A and 1B (see Fig. 1)}—one of 
the 40 younger mice on the lead regimen died as did one of 
the 23 older mice that were on water maintenance. 


Data Analysis: Tests 1A and IB 


For tests 1A and 1B we scored the behavior of the pair of 
animals rather than individual activity. Since both members 
of a pair were of the same age and had an identical treatment 
history, the dyad may be viewed as the most appropriate 
basis for statistical analysis [21]. The nature of the data indi- 
cated that non-parametric techniques were warranted. 
Therefore, the behavioral measures on each test initially 
were analyzed separately with a partitioned Chi-square [43], 
which provided tests for age (A), lead (L) and age x lead 
components. Pair data were pooled across the two tests, 
since these analyses resulted in similar, statistically signifi- 
cant components for tests 1A and 1B (except for the number 
of pairs achieving dominance in each group, see below). 
Difference scores also were obtained to evaluate changes in 
agonistic behavior across the two tests; no significant differ- 
ences were observed using these difference measures among 
any of the groups, providing further justification for pooling 
the frequency and latency measures across tests 1A and 1B. 
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FIG. 1. Median agonistic scores for pairs comprised of the male HET 
mice of similar age and treatment history. (Tests 1A and1B). 


Results: Tests 1A and 1B 


The lead treatment may have resulted in a slight decrease 
(ca. 1 g) in mean bodyweight of both the younger and older 
groups compared to their water control counterparts; how- 
ever, the range of bodyweights was quite comparable among 
all four groups of mice. For instance, mean bodyweights 
(and ranges) obtained prior to fighting lead-treated vs. con- 
trol pairs in aggression test II were as follows: YL, 
mean=34.2 g (28.3-40.9); YC, mean=35.6 g (28.9-40.4); OL, 
mean=35.4 g (28.2-50.8); OC, mean=36.4 g (27.7-52.9). 

Group medians of the summed scores for the first two 
aggression tests (1A and 1B) are shown in Fig. 1. In general, 
younger mice displayed higher levels of agonistic behavior 
than older mice. For example, younger pairs engaged in sig- 
nificantly more fighting bouts (A: x7(1)=11.5, p<0.001) and 
spent a greater amount of time fighting (A: x7(1)=18.18, 
p<0.001) during the ten minute tests than older pairs. 
Younger mice also exhibited higher frequencies of tail lashes 
(A: x*(1)=7.63, p<0.01). Previous literature involving ag- 
gression testing (cf. [22]) has indicated that defense posturing 
and squeaking are behaviors associated primarily with the 
subordinate member of the test pair; therefore these scores 
were combined to yield a ‘‘defensive behavior’ score for 
each pair. Consistent with the above results, the younger 
pairs of mice were significantly higher on this measure as 
well (A: x*(1)=7.11, p<0.01). 

Lead treatment markedly reduced the latency to first fight 
among the older mice. This reduction resulted in a significant 
effect of both the lead (L: ,7(1)=4.19, p<0.05) and lead by 
age (LXA: x*(1)=4.83, p<0.05) components of the par- 
titioned Chi-Square. 

The lead treatment also influenced the number of pairs 
achieving a clear dominant/subordinate relationship within 
each age group on both test 1A and 1B (Table 1). On the 
initial aggression test (1A) the lead treatment resulted in a 
marked reduction in the percentages of pairs reaching domi- 
nance for both the younger and older mice. Specifically, only 
26.3% (5/19) of the younger and 27.3% (3/11) of the older lead 
2xposed pairs reached dominance on test 1A (L: x*(1)=15.7, 
p<0.001). In addition, both younger and older lead treated 
pairs were observed to reverse dominant/subordinate roles 
during the initial (1A) ten minute test, a phenomenon which 
was not observed in either of the control groups or in subse- 
quent tests. 


TABLE 1 


PERCENTAGES OF PAIRS REACHING DOMINANCE ON TESTS 
1A AND IB 





Younger Older 





. L ts L 
Test 1A 80% 26.3% 72.7% 27.3% 
Test 1B 85% 84.2% 63.6% 27.3% 





Following the second encounter between the same test 
pairs (test 1B), the percentage of younger lead treated pairs 
reaching dominance had increased to control levels (see 
Table 1). This increase was not observed among the older 
lead exposed pairs, thus implying a lead by age interaction. 
However, only the age component of the partitioned Chi- 
Square was statistically significant for this second (1B) 
encounter (A: x?(1)=10.33, p<0.01). In contrast to the la- 
tency and dominance measures the lead treatment had no 
significant effects on any of the other measures. 


AGGRESSION TEST II 


Data from tests 1A and 1B suggested critical changes in 
both stability and patterns of agonistic behavior as an inter- 
active function of age and lead exposure; previous findings 
from our laboratory [6] had suggested alterations in domi- 
nance relationships when lead exposed mice were paired 
with water controls without any prior aggression testing. 
Thus, a third test (II) was designed to delineate factors con- 
tributing to the establishment of dominance when previously 
tested mice exposed to lead were paired with similar aged, 
previously tested, water control mice. 


Method: Test Il 


Subjects for this third test were the same HET mice that 
were used in tests 1A and 1B. Three weeks elapsed between 
test 1B and the third aggression test. In an effort to match for 
previous fighting experience, pairs established for this third 
test always consisted of a lead treated and control mouse of 
the same age group selected on the basis of the outcome of 
the second aggression test (1B) and within 2 g bodyweight of 
each other. That is, lead treated mice that were designated as 
dominant after test 1B were paired with dominant, similarly 
aged water controls. Similar pairings were made for subordi- 
nate mice. Due to the fact that not all of the older, lead 
treated pairs achieved our dominance criterion on test 1B, 
two of the ten older pairs tested were comprised of a lead 
exposed member designated as dominant on the basis of hav- 
ing initiated a greater number of fighting bouts during test 
1B. As a result of these restrictions, aggression testing, as 
described for tests 1A and 1B, of only 40 pairs (80 mice) was 
conducted during test II—30 younger C vs. L pairs and 10 
older C vs. L pairs. The same behavioral measures were 
recorded; however, we recorded the individual behavior of 
each member of these mixed (lead vs. water) pairs. 


Data Analysis: Test ll 


For aggression test II we scored the behavior of individ- 
ual animals of the pair. Pair data, of course were obtainable 
by summing the individual scores of the lead-exposed and 
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FIG. 2. Median scores of individual mice obtained when similar aged 
lead and control mice were paired for agonistic tests. (Test II). 


control mice within each pair; these dyad totals were used to 
evaluate any effects of prior fighting history on agonistic 
behavior. Chi-Square analysis of the pair data revealed no 
significant effects of prior fighting history or age on any of 
the measures. In addition, there were no significant differ- 
ences in the numbers of pairs reaching dominance in test II. 
Thus, the pair data are not further elaborated. 

Similar to the pair data, examination of each of the de- 
pendent variables recorded for individual pair members (i.e., 
fighting bouts, defense postures, squeaks, tail lashes) indi- 
cated that there was no influence of prior fighting history 
within either the lead or water groups. Individual scores 
were then collapsed across the prior fighting history condi- 
tion and Chi-Square analyses, with age and fluid treatment 
condition as the two variables comprising a 2x2 contingency 
table, were used to analyze each of the dependent measures 
(df=1 for each measure). In addition to the above measures, 
data based on the mouse that initiated contact, aggression, 
and became dominant were analyzed with Chi-Square tests. 


Results: Test Il 


As shown in Fig. 2, the effects of the lead treatment on 
the individual agonistic behavior scores were strikingly dif- 
ferent for the two age groups. For example, among younger 
pairs the control mice initiated more fighting bouts, made 
more tail lashes, and had lower defensive scores than the 
lead treated mice. The opposite pattern was observed for 
older pairs; i.e., older control mice initiated fewer fighting 
bouts, made fewer tail lashes and had higher defensive 
scores than their lead-treated counterparts. Chi-Square 
analyses, based on the 2X2 tables described above, were all 
statistically significant (Bouts: ,7(1)=12.83, p<0.001; 
Lashes: x*(1)=4.15, p<0.05; Defensive scores: x7(1)=9.53, 
p<0.01). That is, the age and fluid treatment variables did 
not independently influence any of these measures, thus im- 
plying the same form of lead by age interaction on agonistic 
behaviors described above. 

The percentages of mice in each group that initiated con- 
tact, initiated aggression, and assumed the dominant role 
during test II are summarized in Table 2. All 40 of the pairs 
tested achieved a dominant/subordinate relationship during 
this ten minute test. In 70% (21/30) of the younger test pairs 
the control mouse became dominant. Conversely, in 90% 
(9/10) of the older pairs tested, the dominant mouse was the 
lead exposed member of the pair (x7(1)=10.92, p<0.001). 
Furthermore, a higher percentage of younger control mice 
initiated both contact and aggression than did their lead 
treated adversaries, but among the older test pairs more lead 
exposed mice initiated contact and aggression (contact: 
x7(1)=6.6, p<0.01; aggression: x7(1)=9.66, p<0.01). 
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TABLE 2 


PERCENTAGES OF PAIRS IN WHICH LEAD TREATED AND 
CONTROL MICE INITIATED CONTACT, INITIATED AGGRESSION, 
AND BECAME DOMINANT 





Younger Older 





Contact 


Agg. 
Domin. 





DISCUSSION 


The results of the first two aggression tests (1A and 1B) 
indicated that younger mice displayed higher levels of ag- 
gressive behavior than older mice regardless of fluid treat- 
ment history. It needs to be emphasized, however, that the 
older mice were quite capable of fighting. In fact, pair data 
revealed no significant differences between the agonistic be- 
havior of younger and older mice during the third (lead ex- 
posed vs. control pairs) test (Test II). 

While generally consistent with earlier work from this 
laboratory [6], the overall levels of agonistic behavior ob- 
served in this investigation were somewhat higher, espe- 
cially among the older mice. This discrepancy may be ac- 
counted for by the fact that testing in the present study was 
conducted early in the dark portion of the illumination cycle, 
whereas in the previous study [6] testing was carried out 
during the early portion of the light cycle (cf. [26,40]). Such 
considerations suggest that aggressive behavior may be influ- 
enced by time of testing during the prevailing light cycle, 
even in mice approaching two years of age. However, the 
data available cannot address questions regarding the im- 
pact, if any, of lead exposure on circadian rhythmicities in 
general. 

Importantly, the results of tests 1A and 1B also indicated 
that the effects of chronic lead exposure during adulthood 
were reflected in the initiation (latency) and outcome of the 
agonistic encounters, rather than the frequency of separate 
measures of aggressive behavior per se (i.e., fighting bouts, 
squeaks, etc.). During the initial 10 min aggression test (1A), 
regardless of age, very few lead treated pairs achieved a 
clear dominant/subordinate relationship. In fact, a number of 
both the younger and older lead treated pairs were observed 
to reverse dominant/subordinate roles during the first (1A) 
test period; a phenomenon not observed among control 
pairs. Furthermore, casual observations during test 1A indi- 
cated that lead exposed mice exhibited a variety of unique 
response patterns as well. For example, apparently submis- 
sive mice initiated attacks (often accompanied by vigorous 
tail lashing) when approached by what had first appeared to 
be the dominant member of the pair. Other times, lead 
treated mice ‘‘froze’’ after apparently defending themselves 
successfully against the other, lead treated member of the 
pair. 

Interestingly, the above descriptions concerning the ini- 
tial ten minute test period are remarkably similar to the re- 
sponse topography characteristic of fear induced aggression 
[32,33]. This suggests that at least some lead-exposed mice 
may have been more fearful in the test situation. This sug- 
gestion is consistent with findings (e.g., [42]) indicating that 
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the effects of lead administration are especially manifest in 
potentially aversive or fear eliciting situations. It is also 
possible that a longer test would have allowed the establish- 
ment of clearer dominance hierarchies among the lead 
treated pairs. Certainly, after a second encounter between 
the same test pairs (test 1B), the percentage of younger lead 
exposed pairs reaching dominance increased to control 
levels; but no such increase was observed among the older 
lead pairs. 

In aggression test II we fought similarly aged lead vs. 
control mice. These mixed (lead vs. water) pairs were com- 
prised of either previously dominant or previously subordi- 
nate mice. Regardless of prior dominance status, younger 
lead treated mice typically were subordinate to their respec- 
tive controls, while older lead treated mice usually were 
dominant. Consistent with the observed patterns of domi- 
nance, younger lead exposed mice initiated the first agonistic 
encounter less often, made fewer attacks overall, and had 
higher defensive scores than controls. These data support 
and substantially generalize earlier findings from our labora- 
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tory which examined mixed (lead vs. water) pairs that had 
had no prior agonistic testing experience [6]. 

In summary, the results of the present investigation indi- 
cate that chronic exposure to lead during adulthood can dif- 
ferentially affect the outcome of agonistic encounters of male 
mice of two different ages. Speculations, based on extant 
literature could suggest that these observed alterations in 
agonistic behavior may be mediated [1, 2, 17, 36] primarily 
by lead induced changes in the activity of the hippocampus 
and the pituitary-adrenal system [3,31], and in particular 
ACTH. Even more generally, the fact that the pituitary- 
adrenal axis is critically involved in stress related behavior 
may account for previous data suggesting that the behavioral 
manifestations of lead exposure are most apparent in situa- 
tions that are aversive to the organism. Not surprisingly, 
biobehavioral response profiles change with age [16, 29, 41], 
but our present results suggest that future research could be 
profitably directed at determining how exposure to lead may 
differentially alter neurobiological responses to stressful 
events as a function of age. 
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MURZI, E., L. HERNANDEZ AND T. BAPTISTA. Lateral hypothalamic sites eliciting eating affect medullary taste 
neurons in rats. PHYSIOL BEHAV 36(5)829-834, 1986.—A hypothetical functional relationship between the feeding area 
of the lateral hypothalamus and the medullary and pontine taste areas was assessed in rats. Multiple electrodes were 
implanted in the lateral hypothalamus and the animals which exhibited eating upon electrical stimulation were selected. 
Then under pentobarbital anesthesia, the hypothalamus was electrically stimulated while unit activity of medullary and 
pontine taste areas was recorded. Electrical stimulation of the hypothalamus at sites which elicited eating affected 22% of 
gustatory neurons, 13% of proprioceptive neurons sensitive to oropharyngeal stimuli but only 0.2% of the remaining 
nongustatory neurons. Electrical stimulation at nonfeeding sites affected 3% of the gustatory neurons. The electrical 
stimulation of the hypothalamus had the same inhibitory or excitatory effect on a given gustatory neuron as the sapid 
stimulation of the tongue did. These results are discussed in terms of the taste pathways and their possible role in 


electrically elicited feeding. 


Stimulus bound feeding 
Lateral hypothalamus 


Taste 


Nucleus tractus solitarii 


Unit activity Pontine taste area 





SINCE its discovery by Hess [11], feeding induced by elec- 
trical stimulation of the lateral hypothalamus has been ex- 
tensively studied [5, 6, 7, 17, 18, 24, 25]. However, the 
neuronal circuitry which underlies such behavior is not well 
known. Yet some works suggest how this neural substrate 
might be organized. Horseradish peroxidase [21], tritiated 
aminoacid [22], and degeneration studies [13] have shown 
efferent connections of the lateral hypothalamus travelling 
both in the rostral and caudal direction. The caudal connec- 
tions end in structures such as the pontine taste area (PTA) 
and the nucleus of tractus solitarii (NTS). For feeding elic- 
ited by electrical stimulation, the caudal connections seem to 
be more important than the rostral ones. In the opossums 
bearing eliciting feeding electrodes, hypothalamic lesions 
caudal to the electrode increased the threshold for elicited 
feeding while rostral or lateral lesions were ineffective [3]. 

It has been shown that hypothalamic stimulation 
facilitated the response of NTS neurons to electrical stimu- 
lation of the tongue [15] or of the chorda tympani [2]. How- 
ever, in these studies the hypothalamic stimulated areas 
were not tested for elicited feeding behavior despite the well 
known fact that at many sites of the lateral hypothalamus the 
electrical stimulation does not elicit feeding. 

Roberts [19] stimulated hypothalamic placements that 
elicited gnawing and eating in rats and injected 'C-2- 





deoxyglucose (2-DG). He found deposits of 2-DG in pontine 
but not medullary taste related areas, suggesting that the 
third order taste neuron might be part of the neuronal circuit 
activated during electrically elicited feeding. However, as 
Roberts points out, the 2-DG method does not allow to dif- 
ferentiate between functionally disparate but interdigitated 
neurons. Electrical stimulation of hypothalamic feeding 
areas might affect nontaste related neurons intermingled 
with taste related neurons in the brain stem. In that case, 
gustatory neurons would be erroneously involved as being 
part of the neural substrate for electrically elicited feeding. 
Therefore, the question as to whether electrical stimulation 
of hypothalamic places which elicit feeding actually drives 
gustatory neurons or not remains to be answered. 

In the present experiment we combined hypothalamic 
electrical stimulation eliciting eating with single unit record- 
ing in the areas presumably connected to the feeding regions 
of the hypothalmus as shown by the anatomical and elec- 
trophysiological studies referred above. In other words, we 
explored a possible functional connection between the hypo- 
thalamic areas which elicit feeding and the medullary 
second-order and pontine third-order neurons. 

We found that electrical stimulation of hypothalamic 
areas eliciting eating affected the basal firing rate of some 
taste related neurons, especially in the medullary taste area. 


‘Requests for reprints should be addressed to E. Murzi, Apartado 109, Merida 501-A, Venezuela. 





METHOD 
Animals 


Data were obtained from 71 adult male Wistar rats weigh- 
ing 300-430 g when the experiments were done. They were 
individually housed with food and water ad lib. 


Hypothalamic Implants 


Three nichrome wires (65 yu diameter), insulated except at 
the cross sectional area of the tips, were glued together in 
such a way that the tips were 0.5 mm apart in the vertical 
direction. Under IP Ketamine (100 mg/kg of body weight) 
anesthesia, the electrodes were stereotaxically implanted in 
the perifornical area of the lateral hypothalamus and con- 
nected to Amphenol microconnectors. The coordinates were 
6.7 mm anterior to the ear bar, 1.7 mm lateral to the sagittal 
sinus and 8.0 mm ventral to the surface of the cortex for the 
deepest electrode, with the skull leveled. An indifferent 
stainless steel electrode was fixed to the skull, and the elec- 
trodes assembly was kept in place with stainless steel screws 
and dental cement. 


Behavioral Test 


A week after the operation, the animals were tested for 
electrically elicited feeding in a cylindric Plexiglas cage of 32 
cm high and 30 cm in diameter with chow pellets scattered 
over the floor. A Grass S11 Stimulator provided square 
pulses of 0.09 msec duration, 100 ppsec frequency for stimu- 
lation. Stimulation trials usually lasted between 20 and 30 
sec, and current level was increased by small steps (from 
0.14 wA to 0.44A) on successive trials until clearcut re- 
sponses appeared. Rats selected for unit recording had at 
least one electrode which, when stimulated, elicited consis- 
tent eating behavior lasting at least 10 sec and terminating as 
soon as the stimulation was turned off. Eating behavior was 
defined as biting off morsels from pellets that were often held 
in the forepaws, followed by mastication and swallowing. On 
the average, one out of the three implanted electrodes elic- 
ited feeding. The nonfeeding electrodes were used as control 
for unspecific effect of lateral hypothalamic stimulation. 


Unit Recording 


On the morning of the single unnit recording, electrically 
elicited eating was tested again on several trials, then the 
animal was anesthetized with an intraperitoneal injection of 
sodium pentobarbital (50 mg/kg). The anesthesia was main- 
tained with additional doses of 10 mg/kg as needed. After 
tracheotomy, a hole was drilled through the incisor teeth in 
order to insert a stainless steel tube into the posterior part of 
the oral cavity. This tube was connected through a polyeth- 
ylene tube to a syringe containing the solutions to be injected 
into the mouth of the rat. An infrared emitter coupled with an 
infrared detector and a flip-flop was placed within the flow 
delivery tube. It served as an event marker indicating the 
moment of solution injections into the mouth and displaying 
its output on the second beam of a dual beam oscilloscope. 
Then the rat was mounted in a stereotaxic instrument fitted 
with nontraumatic earbars. 

NTS and PTA recordings were made in separate rats. NTS 
recording: an assembly of three guide cannulae made out of 
21 gauge stainless steel tubes was implanted 13 mm posterior 
to bregma, 0.7 mm lateral to the midline and 6 mm ventral to 
the surface of the cerebellum. The guide cannulae were in- 
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troduced in a vertical plane which made a 6° angle with the 
sagital plane. In this way, the three cannulae array was 
aligned with the NTS. The cannulae array was fixed to the 
skull with dental cement and stainless steel screws. Im- 
mediately after the hardening of the cement, the rat was 
positioned for single unit recording. A microelectrode was 
positioned in a hydraulic micromanipulator and was driven 
through each one of the guide cannulae. Testing typically did 
not begin until the electrode had penetrated about 6 mm 
below the dura where the electrical activity dropped to a low 
level, indicating the interface of the cerebellum and the dor- 
sal surface of the medulla. 

PTA recording: The occipital cortex was suctioned after 
the lateral sinus was ligated, cut and retracted. After expos- 
ing the border between the cerebellum and the inferior colli- 
culi, the recording electrode was introduced vertically 1.3- 
2.0 mm off the midline through this border about 5 mm below 
the surface of the nervous tissue. 

The units were recorded with glass insulated tungsten 
electrodes (according to Merrill and Ainsworth [16], but 
without the platinum plating). The neural activity was 
amplified with a Grass P16 AC-DC Pre-amplifier and dis- 
played on a Tektronix 5103N Oscilloscope. The microelec- 
trodes were lowered by 50 4-100 yw steps. For each micro- 
electrode position the tongue was stimulated with 0.3 ml of 
0.05 M NaCl and washed out with distilled water. Other 
stimuli were also tested including 0.05 M sucrose, 0.03 M of 
HCl, saturated quinine solution, stretching the jaw and 
cheeks, stroking the vibrassae, delivery of the solutions with 
pression, bowing air on the tongue and suction made by the 
injection syringe. All taste solutions were made up in dis- 
tilled water. On the neurons responding to oropharyngeal 
stimulation, the effect of electrical stimulation of the hypo- 
thalamus through electrodes which induced eating was 
tested. Some nonresponsive neurons were also tested with 
hypothalamic electrical stimulation. As a control, the hypo- 
thalamus was stimulated through electrodes which did not 
elicit feeding. The characteristics of the electrical stimuli 
were the same as those which produced eating. Besides, 
isolated pulses (1 per second) twice rheobase were used to 
demonstrate possible antidromic projections. The details for 
the antidromic invasion criteria included a short and stable 
latency and the susceptibility to collision blockade [14,20]. 

Neural activity and flow detector output were stored on a 
Hewlett Packard tape recorder B960 Model. Photographs 
were taken using a Grass Kimograph Camera and a Z-axis 
modulator to improve the pictures. For the data analyses, an 
optic discriminator for action potentials was used [10]. To do 
this, a photodetector was conveniently positioned on the 
screen of the oscilloscope to pick up segments of the electri- 
cal signals and to convert them in TTL compatible square 
pulses which were counted in 100 msec intervals by a micro- 
processor for histograms conversion. 


Histology 


After studying a neuron, a small electrolytic lesion was 
placed at the recording site and at the hypothalamic place 
where electrical stimulation elicited eating (15-25 mA during 
20 seconds), the rats were killed with an overdose of 
chlorophorm, and perfused through the heart with 0.9% 
saline followed by 10% formalin. The brains were removed 
and fixed in 10% formalin for at least 24 hr. The brains were 
then sectioned at 40 uw on a freezing microtome and stored in 
10% formalin. 





FEEDING AND MEDULLARY TASTE NEURONS 


sbf 


200msec 


non-sbf 


FIG. 1. Excitatory (A) and inhibitory (B) responses of two NTS gustatory neurons. A: Upper record shows the excitatory response evoked by 
0.03 M sucrose applied to the tongue at the time shown by the arrow. Lower record shows superimposed traces of stimulus artefact and spike 
discharges during electrical stimulation of the lateral hypothalamus through a stimulus bound feeding electrode (SBF) and through an 
electrode which did not elicit feeding by electrical stimulation (NON-SBF). B: Upper record shows the inhibitory response evoked by 0.03 M 
sucrose applied to the tongue. Lower record shows electrical responses elicited by SBF and NON-SBF electrodes. The histological sections 
at the right of the records show the location (indicated by arrows) of the medullary recording, and the lateral hypothalamic sites eliciting 


eating. 


RESULTS 


Recorded potentials were positive-negative spikes with a 
step(s) on the rising limb of the initial phase corresponding to 
the “‘B potential’ as described by Bishop e7 al. [4]. This 
electrical activity is presumed to be recorded from cell 
bodies. The units were arbitrarily classified into three 
groups: gustatory neurons, which responded exclusively to 
chemical stimulation of the tongue; proprioceptive neurons, 
which responded to mechanical and chemical stimulation; 
and undetermined neurons, which responded neither to me- 
chanical nor chemical oropharyngeal stimulation. 


Of approximately 1500 explored neurons, about 1000 
were in the medulla oblongata and 500 in the pons. Two 
hundred of the medullary neurons were located in the NTS 
whereas 60 of the pontine neurons were in the PTA. Gusta- 
tory neurons and proprioceptive neurons were found either in 
the NTS or PTA, or out of these structures, but the propor- 
tion of gustatory neurons was greater in the NTS and PTA. 
For example, 20 out of 200 NTS neurons (10%) were gusta- 
tory neurons, and 12 out of 60 PTA neurons (20%) were 
gustatory neurons. By contrast, 9 out of 800 medullary 
neurons (0.8%) located outside the NTS, and 2 out of 440 
pontine neurons (0.04%) outside the PTA were gustatory 
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~ — a Y 
FIG. 2. Loci of recorded gustatory neurons in the medulla (left) and the pons (right). Circles denote gustatory units that displayed excitatory 
and squares the loci of units with inhibitory responses. Triangles denote proprioceptive and hexagons undetermined neurons. Loci of neurons 


orthodromically driven by hypothalamic electrical stimulation at sites that induced eating are indicated by solid symbols. Loci of neurons 
driven by hypothalamic electrical stimulation at sites that did not induce eating by hatched symbols and those neurons nonaffected by any 


hypothalamic stimulation by open symbols. Abbreviations: A, aqueduct of Sylvius; AC, area cuneiform; ap, area postrema; BC, brachium 
conjunctive; CIF, colliculus inferior; Lc, locus coeruleus; NMV, nucleus medialis vestibularis; nrp, nucleus reticularis paramedianus; ntd, 
nucleus tegmenti dorsalis Gudden; nts, nucleus tractus solitarii; ntv, nucleus tegmenti ventralis Gudden; X, nucleus motoris dorsalis vagi; 
XII, nucleus nervi hypoglossi; PBL and PBM, nuclei parabrachialis lateralis and medialis; ph, nucleus prepositus hypoglossi; rpc, nucleus 
reticularis parvocellularis; TS, tractus solitarius; TST, tractus spinalis nervi trigemini. 


neurons. The firing rate of gustatory neurons varied from 0 
(silent neurons) to 25 spikes per second. Most of these 
neurons (70%) increased their firing rate when the sapid 
solution was injected into the mouth, while 30% of them 
were strongly inhibited by sapid solutions. Electrical stimu- 
lation of hypothalamic feeding places affected the basal firing 
rate of 7 medullary gustatory neurons, 1 medullary 
proprioceptive neuron, 2 medullary undetermined neurons, 
and | pontine proprioceptive neuron. Electrical stimulation 
of hypothalamic nonfeeding places affected 1 medullary gus- 
tatory neuron, | medullary propioceptive neuron and 3 
medullary undetermined neuron. This means that 7 out of 32 
(22%) gustatory neurons, 2 out of 16 (13%) proprioceptive 
neurons, and | out of 1441 (0.07%) undetermined neurons 
were affected by electrical stimulation of hypothalamic feed- 
ing placements, but only | out of 32 (3%) gustatory neurons, 
1 out of 16 (6%) proprioceptive neurons, and 3 out of 1441 
(0.2%) undetermined neurons were affected from nonfeeding 
placements. 

Interestingly, electrical stimulation of the feeding places 
changed the firing rate of gustatory neurons in the same 
direction as the oropharyngeal chemical stimulation did. The 
2 neurons excited by oropharyngeal chemical stimulation 
were also excited by hypothalamic electrical stimulation and 
the 7 neurons inhibited by oropharyngeal chemical stimula- 


tion were also inhibited by hypothalamic electrical stimula- 
tion. The effect of hypothalamic stimulation on the firing rate 
of the gustatory neurons was probably orthodromically 
driven because the elicited action potentials travelling to the 
recording electrode were unsusceptible to collision blockade 
[14,20]. Figure 1 shows the responses of two medullary ex- 
citatory and inhibitory taste related neurons, respectively 
activated and inhibited by hypothalamic electrical stimula- 
tion at a site that elicited eating. 

The location of 65 neurons extensively studied during the 
present experiments is shown in Fig. 2. The recording sites 
of 43 gustatory neurons, 18 proprioceptive neurons, and 4 
undetermined neurons were histologically reconstructed 
using the lesions as reference points. Gustatory neurons and 
proprioceptive neurons were located in the NTS, rpc and 
nrp. Their distribution coincided with the terminal field of 
the lateral hypothalamic-medullary projections described by 
Hosoya and Matsushita, and van der Kooy ef al. [12,26]. 
Figure 3 shows the location of 27 hypothalamic sites eliciting 
feeding when electrically stimulated. Most of the elicited- 
eating electrodes lay in a small area lateral to the fornix but 
medial to the lateral hypothalamus. 


DISCUSSION 
Electrical stimulation of places of the lateral hypothala- 
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FIG. 3. Stimulation-bound feeding locations in the lateral hypothal- 
amus. Abbreviations: ABM, nucleus amygdaloideus basalis; ACO, 
nucleus amygdaloideus corticalis; AM, nucleus amygdaloideus 
medialis; CAIR, capsula interna pars retrolenticularis; FMP, fas- 
ciculus medialis prosencephali; FMT, fasciculus mamillothalamicus; 
hl, nucleus lateralis (hypothalami); hvm, nucleus ventromedialis 
(hypothalami); TO, tractus opticus; TV, nucleus ventralis thalami; 
TVM, nucleus ventralis medialis thalami, pars magnocellularis; 
TVP, nucleus ventralis medialis thalami, pars parvocellularis; ZI, 
zona incerta. 


mus that elicited feeding modified firing frequency of medul- 
lary gustatory neurons of the NTS in the same as the chemi- 
cal stimulation of the tongue did it. The fact that the hypotha- 
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lamic driven effect was in the same direction as the periph- 
eral chemical effect, and that hypothalamic sites eliciting 
feeding were more effective than the noneliciting eating 
placements are arguments in favor of a possible existence of 
centrifugal control by the hypothalamus on the gustatory 
pathway, as it has been suggested by other authors [2, 9, 15, 
19]. Nevertheless, these evidences do not prove that the 
pathways which influence the medullary neurons are related 
with feeding, since electrical current would be stimulating 
neurons and fiber pathways nonfeeding related. 

However, the sensorial taste input during feeding elicited 
by hypothalamic stimulation seems to be modulated by the 
palatibility of the food. Tenen and Miller [23] reported that 
electrical stimulation of the feeding places of the hypothala- 
mus enhances the tolerance to quinine adulterated food. This 
effect is potentiated by food deprivation. Some other evi- 
dences strongly link electrically induced eating with gusta- 
tory neurons responsiveness. Insulin increases the threshold 
for electrically induced feeding [1] and decreases the reac- 
tivity of gustatory neurons to sapid solutions [8]. Therefore, 
it seems that the hypothalamus could modify or bias the 
gustatory sensory afferent information related to ingestive 
behavior, and in this way, the hypothalamus facilitates or 
inhibits the organism’s feeding response to a foodstuff. 

Several neuroanatomical studies [12, 19, 21] revealing de- 
scending projections to brain stem taste areas support the 
hypothesis of an hypothalamic sensory control on gustatory 
afferent inputs. Interestingly, the hypothalamic stimulation 
not only orthodromically drove some taste neurons but also 
some proprioceptive and undetermined neurons. This obser- 
vation confirms previous findings [15] and it might have a 
functional significance since, according to Welker’s finding 
[27], whisker-touch or mechanical stimulation from snout 
region might contribute to feeding. 

Unexpectedly, the PTA gustatory neurons were not af- 
fected by the electrical stimulation of hypothalamic sites 
eliciting feeding. These unexpected results call for more ex- 
tensive exploration of the PTA. 
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GAMALLO, A., A. VILLANUA AND M. J. BEATO. Body weight gain and food intake alterations in crowd-reared rats. 
PHYSIOL BEHAV 36(5) 835-837, 1986.—The effect of being reared in a crowd for 6 continuous weeks postweaning on 
body weight gain, food intake and gland weight (thymus, adrenals and testes) was studied in Sprague-Dawley adult male 
rats. Crowd-reared rats (10 per cage) showed a significantly lower body weight at the end of the crowding period as 
compared to control rats (5 per cage). After 200 days of being reared under the same conditions (5 per cage), the body 
weights of crowd-reared rats were still significantly lower than those of control rats. However, the body weight gain during 
this period was the same for both groups. Crowd-reared rats also had significantly lower thymus weight and higher adrenal 
gland and testes weights as compared to those weights of control rats. In addition, food intake was similar for both groups. 
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REARING in crowded conditions produces behavioral al- 
terations in rodents [4,9] and chickens [7]. The behavioral 
effects of crowded-rearing have been related to excessive 
stimulation of the Hypothalamo-Pituitary-Adrenal (H.P.A) 
system [3, 4, 8]. Furthermore, disturbances in adrenal corti- 
cal function have been shown to be related to reductions in 
body weight and growth [6,10], although these decreases in 
body weight may be due to a lower food intake [2]. 

In this paper we have studied the effect of crowded- 
rearing on growth and body weight of rats. The purpose of 
this work is to determine whether reduced growth of crowd- 
reared rats is due to either decreases in food intake or altera- 
tions in the H.P.A. system of these animals [1,4]. The rela- 
tionship between growth and endocrine gland weight (par- 
ticularly related to the H.P.A. system stimulation) has also 
been studied. 


METHOD 


The offspring of eight litters of Sprague-Dawley rats, that 
were bred in our laboratory, were subjects in this study. 
Within 24-hr of birth, all litters were culled to 5 male pups 
each. Throughout the lactation period (postnatal day 1-22), 
the litters were housed in plastic breeding cages and main- 
tained on tap water and Purina rat chow ad lib. On the day of 
weaning (day 22), the pups from all eight litters were as- 
signed randomly to one of two groups and maintained during 
the ensuing 6 week period under the following conditions: a 
crowd-reared group (Cr; n=20) with 10 males per cage, and a 
control group (Co; n=20) with 5 males per cage. 

Rats were weighed every week in order to assess their 
rate of weight gain. Food intake was measured every two 
days. 


Six weeks after weaning (at 65 days of age), 10 rats of 
each group were randomly chosen and sacrificed by ether 
overdose. The thymus, adrenal glands and testes were re- 
moved and weighed to the nearest 0.1 mg (dry weights). The 
remaining ten rats from each group were housed 5 rats per 
cage during the next 200 days (to 265 days of age). At the end 
of this period, the animals were weighed. 

Group differences were assessed by analysis of variance. 


RESULTS 


Body weight gain during the lactation period was not dif- 
ferent between the animals to be assigned to the crowd- 
reared group and those to be assigned to the control group. 
However, crowding produced a severe inhibition of growth 
in rats during the postweaning period of treatment (Fig. 1). 

Body weight gain for crowded rats during the 6 weeks of 
treatment was significantly reduced in the second week 
(p <0.05). This difference was increased in the fourth week 
(p<0.01) and was greater in the fifth and sixth weeks 
(p <0.001) (Table 1). 

After 200 days of being housed with 5 rats per cage, the 
body weight of crowded rats (459.6+26.15 g) was signifi- 
cantly lower (p <0.001) than that of control rats (527.3+22.86 
g). However, the body weight gain during this period was not 
different (Table 1). 

The mean food intake of 22 measures was expressed in 
g/day and rat. Crowding did not affect the food intake on the 
treatment period (Co=22.64+3.02 g and Cr=21.36+5.88 g). 

The absolute weight of the thymus was reduced by crowd- 
ing but the absolute weights of the adrenal glands and testes 
were not affected. However, crowding was associated with a 
significantly higher relative weight of the adrenal glands and 
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FIG. 1. Mean body weight for control and crowd-reared rats in the 
lactation and postweaning periods (mean+s.d.) (n=20). *p<0.05; 
**p<0.01; ***p<0.001. 


TABLE 1 
BODY WEIGHT GAIN (g) (MEAN + S.D.) INCONTROL AND 
CROWD-REARED RATS DURING THE CROWD-POSTWEANING 
(N=20) AND POSTCROWDING PERIODS (N=10) 





Weeks of treatment at 
265 
2 3 - days 





Crowded Mean 43.67 38.36 32.50 41.91 20.24 8.82 224.43 
s.d. 8.82 3.96 4.22 10.76 6.57 6.01 16.15 


Control Mean 44.40 47.35 35.95 60.40 40.64 19.98 228.40 
s.d. 1.19 2.59 1.81 2.83 9.54 6.43 14.67 





TABLE 2 


GLAND WEIGHTS OF CROWD-REARED AND CONTROL RATS (MEAN + S.D.) (N=10) 
ABSOLUTE (mg) AND RELATIVE (mg/g B.W.) 





Adrenal Thymus Testes 





Relative " 0.156 + 0.0167 0.851 + 0.1814 11.25 + 0.844 
weight y 0.131 + 0.022 2.152 + 0.354 10.10 + 0.35 


Absolute : 33.39:+.5.29" 183.37 + 41.767 2426.97 + 314.8255 
weight : 2) eee 2 ee 473.09 + 88.40 2216.85 + 178.85 
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testes, and a significant decrease in the relative weight of the 
thymus (Table 2). 


DISCUSSION 


Our results showed a considerable inhibition of growth 
and body weight as a consequence of crowding. The lower 
body weight in crowded rats has been previously observed 
[2, 5, 9]; lower body weight has also been found in chickens 
raised in crowded conditions [7]. 

Occasionally it has been suggested that the decrease in 
body weight of crowded animals may be due to lower food 
intake induced by the high competition for food among these 
animals [2]. However, we have found that crowding does not 
affect the daily food intake of our rats. 

Disturbances in adrenal gland function have been associ- 
ated with reductions in rate of body weight gain of rats 
[6,10]. Adrenalectomy and/or chronic stress, which 
produce increases in ACTH levels, both produce decreases 
in body weight of rats [10]. Previous studies found that 
crowded-rearing was associated with maladaptative behav- 
ior and corticosterone hypersecretion [4]. We attribute the 
growth inhibition of crowd-reared rats to the adrenal dis- 
function in these animals, that has been described [1, 4, 8] 
and that also alters their behavior [4,9]. 

Moreover, the lower body weight of crowd-reared rats 
seems to be permanent, since body weight differences per- 
sist after 200 days of being reared under normal uncrowded 
conditions. This effect most likely is only due to the persis- 


tent effects of crowded-rearing because the body weight gain 
was not affected during postcrowding period. 

We have found a higher adrenal glands and testes weight 
as well as lower thymus weight as a consequence of 
crowded-rearing. These gland weight alterations were not 
caused by a lower body weight. The relative weights (mg/g 
b.w.) of adrenal glands and testes were higher, while the 
relative weight of thymus was lower in crowd-reared rats; 
but, the absolute weight of the adrenal gland and testes were 
similar for crowd-reared and control rats. 

The higher weight of adrenals and testes might be due to 
the chronic stimulation of adrenal cortex by ACTH hyperse- 
cretion during the crowding period. This is supported by the 
rise in corticosterone levels of crowd-reared rats [4]. 

The lower relative and absolute weights of thymus might 
be due to synergism between two factors: the reduction in 
body weight and the suppressive effect of corticosterone 
over the immune system. These possible relationships are 
supported by findings which show that lower corticosterone 
levels increase the thymus weight and decrease the testes 
weight [10]. 

A possibility associated with over stimulation of the 
H.P.A. system is a lower production of growth hormone by 
the pituitary gland that would be correlated with the inhibi- 
tion of growth in crowd-reared rats [10]. However, further 
studies are needed concerning growth hormone secretion in 
order to determine whether a reduction in growth hormone is 
a factor in retarding weight gain due to crowded-rearing. 
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CAMPBELL, K. 1. ANDT. P. S. OEI. Failure to demonstrate schedule-induced hyperphagia with a fixed time 1-minute 
water delivery schedule. PHYSIOL BEHAV 36(5) 839-844, 1986.—The reduction of an animal’s body weight to 80% of its 
Free Feeding Weight (FFW) is purported to be an important factor in the generation of schedule-induced behaviour. 
However, the importance of this factor in schedule-induced hyperphagia is unclear. Experimental studies in schedule- 
induced hyperphagia reported conflicting results. The aim of the present series of five experiments was to clarify the 
several conflicting factors in the generation of schedule-induced hyperphagia. Rats reduced to 80% FFW by water restric- 
tion and on a Fixed Time (FT) 1-min water delivery schedule showed that body weight reduction, water delivery schedule, 
size and distance of pellets, and order of schedule presentation were not important factors in the generation of schedule- 
induced hyperphagia. The failure of the present series of experiments to demonstrate schedule-induced hyperphagia 
suggests that this behaviour may be a specific class of schedule-induced behaviour that can only be demonstrated under the 
Bellingham, Wayner and Barone [1] experimental paradigm. 
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THE issue of body weight reduction to 80% of the Free 
Feeding Weight (FFW) by food restriction in the generation 
of Schedule-Induced Behaviours (SIBs), including 
Schedule-Induced Polydipsia (SIP) is reasonably clear, well 
documented, and accepted [5, 6, 7, 8]. However, the accep- 
tance of body weight reduction to 80% FFW by water re- 
striction in the generation of SIB, in particular Schedule- 
Induced Hyperphagia (SIH), is equivocal [2,15]. Earlier 
studies [3,12] showed that SIH did not develop in rats re- 
duced to 80% FFW with a Fixed Time |-minute (FT 1|-min) 
water delivery schedule. However, Bellingham, Wayner and 
Barone [1] reported a definite development of schedule- 
induced hyperphagia, with others [14,18] reporting only a 
slight increase in eating behaviour. Recent studies by Oei 
[15] and Campbell [2] showed a slight decrease in eating 
behaviour in the 80% FFW water restricted rats on a FT 
l-min water delivery schedule. The issues, therefore, of 
what factors are important in SIH, still need further experi- 
mentation and clarification. The series of experiments re- 
ported here attempted to clarify these issues. 


GENERAL METHOD 
Subjects 
Naive male Wistar albino rats, with an initial mean body 
weight of 292 grams, were used in the series of five experi- 


ments. Animals were housed individually in a temperature 
controlled room with a 12-hour reversed light/dark cycle. 





Apparatus 


The animals were tested in modified operant chambers 
measuring 30x 24x26 cm. A recessed food cup 2.8x2.5x3 
cm connected to the pellet dispenser was located on a wall. 
Another circular recess 5.3 cm in diameter with a | cm di- 
ameter aperture, 7 cm to the right of the food cup and located 
on the same wall, permitted access to a 0.1 ml drinking dip- 
per attached to a mechanical arm carrying water from a 50 
ml container. The food recess and the drinking recess were 
approximately 3.5 cm above the steel barred floor, which 
was, in turn, 3.5 cm above a metal catching tray. The testing 
chambers were housed in sound attenuated air conditioned 
cubicles, with a 10 watt house light for general chamber il- 
lumination. White noise masked extraneous sounds. Stand- 
ard electromechanical and solid-state programming and data 
recording equipment were located approximately 2 meters 
from the testing chamber. 


Procedure 


The methods for body weight reduction were similar to 
those reported in an earlier study [15]. Briefly, all animals, 
except the 100% FFW animals, were reduced to 80% of their 
initial FFWs over a 14-day period by water restriction (aver- 
age 6 ml of town supply tap water per day). Body weight was 
maintained at 80% FFW throughout the experiment by ad- 
justing the water intake. For the 100% FFW animals, the 
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initial body weights were held constant by the same 
methods. Food was freely available in their home cages. 

During testing sessions, the animals (except during the 
control phases) received a FT 1-min schedule delivery of 0.1 
ml of water. During the control phases, when the schedule 
was not in operation, the rats received 6 ml of water in a 6.5 
cm diameter Petri dish at the beginning of the testing session. 

For all phases, the animals were tested for 1 hour each 
consecutive day between 10 a.m. and noon; food pellets 
were freely available in the experimental chambers. 


Measurement 


For all animals, daily measurements were taken for: (a) 
body weight, (b) restricted water requirements, and (c) freely 
available food intake (3.5 gram laboratory animal stock pel- 
lets). Measurements were taken for food consumption 
(either laboratory animal stock pellets, or Noyes 45 mg food 
pellets) in the testing chambers. These measurements in- 
cluded food spillage from the catching tray. 


Analyses of Data 


The 1 hour experimental session consumption rates of 
food intake were computer-analysed by standard ANOVA 
Statistics. 


EXPERIMENT | 


Since the issue of body weight reduction by water restric- 
tion was unclear (i.e., schedule-induced behaviour had been 
shown to develop where either body weight reduction [1] or 
no body weight reduction [16] was an experimental variable), 
the purpose of this experiment was to partially replicate the 
recent findings of Oei [15] on the effect of body weight on 
schedule-induced hyperphagia. 


Method 


Eighteen naive male animals were allocated randomly to 
two groups: Group 1 body weights were held at 80+1% 
FFW, and Group 2 at 100+1% FFW. These animals were 
tested for 20 days. For Phase I (days 1-10), 0.1 ml of water 
was presented by a programmed water dipper for 5 seconds 
on a FT 1-min schedule for 1 hour. A Petri dish containing 
fifty grams of 3.5 gram laboratory animal stock pellets was 
placed 21.5 cm from the water dipper. For Phase II (days 
11-20), the FT 1-min schedule was not in operation. In this 
control condition, the rats received 6 ml of water in a Petri 
dish at the beginning of the testing session. Fifty grams of 3.5 
gram laboratory animal stock pellets were available in a sec- 
ond Petri dish, and positioned 21.5 cm from the water dish. 
Two 1l-hour pre-experimental training sessions over two 
days were given to allow shaping of the response to the 
reinforcement variables. 


Results 


Figure 1 illustrates graphically the means and standard 
deviations for the daily mean food consumption for the two 
groups in the experimental chamber: Group 1, body weights 
reduced by water restriction to 80% of the initial free feeding 
body weight, and Group 2, body weights held by water re- 
striction at 100% of the initial free feeding body weight. A 
3-way ANOVA with two repeated measures for phase and 
day was applied to the data. The analysis showed that the 
two main effects were significant (Group: F(1,16)=6.77, 
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FIG. 1. The means and standard deviations for experimental food 
consumption in grams, showing the effect of the FT 1-min 0.1 ml 
water delivery schedule on the 100% and 80% free feeding body 
weight conditions over two 10 day phases. 


p<0.01; and Phase: F(1,16)=70.53, p<0.001). Similarly, the 
interaction effect between phase and day was significant, 
F(9,144)=3.83, p<0.001. These results suggested that 
animals in both groups consumed significantly more food in 
the control condition (Phase II) than when the schedule was 
in operation (Phase I), and that rats in the 100% FFW condi- 
tion consumed more food than the 80% FFW rats. This is 
clearly demonstrated in Fig. 1. 


Discussion 


The results of this experiment demonstrated that rats, 
with body weights reduced to 80% or held at 100% free- 
feeding weight, did not develop schedule-induced hyper- 
phagia under the FT 1I-min 0.1 ml water delivery schedule. 
This finding was consistent with results of other research 
investigators. Carlisle, Shanab and Simpson [3] and King 
[12] failed to obtain schedule-induced eating, while Myerson 
and Christiansen [14] and Wetherington and Brownstein [18] 
reported schedule-modulated eating. There was no excessive 
eating. However, the results of the present research was not 
consistent with the results of Bellingham ef al.’s [1] study, 
which demonstrated that rats with body weights reduced to 
80% FFW and on a FT 1-min water delivery schedule devel- 
oped schedule-induced hyperphagia. The Bellingham er al. 
[1] study differed from the present study in basically two 
factors. These were: (1) Food pellet size and brand. The 
Bellingham et al. [1] study used 45 mg (Noyes) food pellets 
as the reinforcement variable in the experimental chamber 
and Mecan rat cubes in the home cages. The present study 
used 3.5 gram laboratory animal stock pellets in both the 
experimental chamber and the home cages. The 3.5 gram 
food pellets were used to keep this variable constant within 
the experiment. That is, as the 3.5 gram food pellets had 
been used as home cage food sustenance, this same food 
source was used in the experimental chamber. (2) The 
stimulus configuration within the environment. For the FT 
l-min schedule, Bellingham ef al. [1] scattered 45 mg 
(Noyes) food pellets within and directly around the drinking 
recess and beside the aperture through which the water dip- 
per projected. The present study used a glass Petri dish (9 
cm in diameter by 1.5 cm in depth) filled with 3.5 gram lab- 
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FIG. 2. Upper Graph: The means and standard deviations for exper- 
imental food consumption in grams, illustrating the effects of the two 
different food size variables over a 10 day period. Lower Graph: The 
means and standard deviations for the experimental food consump- 
tion in grams, illustrating the effects of the spatial stimulus config- 
uration variable over a 10 day period. 


oratory animal stock pellets. This dish was placed 21.5 cm 
away from the drinking recess. It was possible that these two 
differences may explain the seemingly contradictory results 
between the present study and that of Bellingham et ai. [1]. 
The increase in food consumption for both groups in the 
control (no schedule) condition was an unexpected response. 
The results (Fig. 1) suggested that rats consumed more food 
when placed in the control condition than when placed in the 
FT 1-min water delivery schedule condition. Three possible 
explanations were offered in an attempt to interpret this be- 
haviour: (1) The FT 1-min water delivery schedule may have 
been responsible for the decrease in food consumption. 
However, as decrements in behaviour under schedule- 
induced experimental paradigms were rare this interpreta- 
tion was unlikely but needed to be tested more fully. (2) The 
increased food consumption in the control condition may 
have been due to the interaction effects between food and 
water [4,13]. That is, the animals consumed the food after 
they had received and imbibed the 6 ml of water at the be- 
ginning of the experimental session. (3) It was possible that 
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the increase in food consumption in the control condition 
may have been attributed to the order of presentation effect. 
Experiments 2, 3, 4 and 5 were designed to attempt to ex- 
plain the issues outlined above. 


EXPERIMENT 2 


As discussed in Experiment 1, pellet size may have been 
an important factor in the development of schedule-induced 
hyperphagia in the Bellingham er a/. [1] study. The purpose 
of this experiment was to test this hypothesis. 


Method 


Eighteen rats with body weights held at 80% FFW were 
divided equally into two groups. Group | was presented with 
large (3.5 gram) laboratory stock pellets, and Group 2 was 
presented with small 45 mg Noyes food pellets in the exper- 
imental chamber. The experimental chamber and testing 
procedures were similar to those in Experiment 1. However, 
for this study, the animals were tested for only 10 days under 
a FT 1-min water delivery schedule. 


Results 


The means and standard deviations for the daily mean 
food consumption in the experimental cage for the two 
groups are presented in Fig. 2 (Upper Graph): Group | 
animals were given large 3.5 gram food pellets, and Group 2 
animals were given small 45 mg (Noyes) food pellets. A 
2-way ANOVA with one repeated measure for day was 
applied to the data. The analysis showed that neither of the 
two main effects, group and day, nor the interaction effect 
were significant. These results showed that food pellet size 
made no significant difference to the level of food consump- 
tion for rats reduced to 80% of their body weight and pre- 
sented with a FT I-min water delivery schedule. 


Discussion 


The results of this experiment demonstrated that food 
pellet size had no effect on the experimental food consump- 
tion level. These results suggested that food pellet size was 
not the necessary or causal factor in producing schedule- 
induced hyperphagia in the Bellingham er al. [1] study. 

The present experimental finding also suggested that 
novelty effect, chemical composition, nutritive value, taste, 
and palatability had no experimental effect on schedule- 
induced hyperphagia in rats with body weights held at 80% 
FFW and on a FT 1-min water delivery schedule. 


EXPERIMENT 3 


The other significantly differing variable between the 
present findings and the Bellingham et al. [1] study was the 
stimulus configuration within the experimental chamber. 
This experiment was designed to investigate the effect of the 
different spatial locations of the food pellets. 


Method 


Eighteen rats with body weights held at 80% FFW were 
divided equally into two groups. Group | received food pel- 
lets 21.5 cm away from the water dipper, that is, the Food 
Pellet Away (FPA) control group. The food pellets for Group 
2 were placed directly beside the water dipper, that is, Food 
Pellet Close (FPC) experimental group. The FPC group was 
an attempt to replicate the Bellingham er al. [1] procedure. 





842 


The experimental chambers and the testing procedures were 
the same as in Experiments 1 and 2. The animals in this 
experiment were tested for 10 days under a FT 1-min water 
delivery schedule. 


Results 


Figure 2 (Lower Graph) gives the means and standard 
deviations for the daily mean food consumption in the exper- 
imental chamber for the control condition (Group 1, food 
pellets were presented 21.5 cm away from the water dipper), 
and the experimental condition (Group 2, food pellets were 
presented close to the water dipper). A 2-way ANOVA with 
one repeated measure for day, was applied to the data. The 
analysis showed that neither the main effect, group, nor the 
interaction of group with days were significant. However, 
the main effect of day was significant, F(9,144)=6.58, 
p<0.001. 

These results showed that the stimulus configuration 
within the experimental chamber, that is the distance of the 
food pellets from the drinking tube, made no difference to 
the food consumption level between the two groups. How- 
ever, the significant effect of day suggested that, on the 
whole, there was a variation in food consumption on differ- 
ent days (Fig. 2, Lower Graph). 


Discussion 


This experiment was an attempt to replicate the Belling- 
ham et al. {1] study. However, the results suggested that 
the positioning of the stimulus food within the experimental 
chamber was not the variable that accounted for the positive 
findings of schedule-induced hyperphagia shown by the Bel- 
lingham et al. [1] study. 


EXPERIMENT 4 


This experiment was designed to investigate the temporal 
ordering effects of the first and second presentation of the 
schedule. 


Method 


Eighteen rats with body weights held at 80% FFW were 
divided into two groups. The schedule was manipulated over 
two phases. For Group 1, Phase I, the FT I-min water deliv- 
ery schedule was in operation, and in Phase II, the schedule 
was not in operation (control condition). For Group 2, the 
order of phase presentation was reversed. That is, the 
schedule was not in operation in Phase I, and the FT 1-min 
water delivery schedule was in operation in Phase II. The 
experimental chambers and testing procedures were similar 
to those in Experiments 1, 2 and 3. The animals were tested 
for 10 days. 


Results 


The important issue in this experiment was to test for 
differences in the level of food consumption induced through 
the differential ordering of presentation of the FT 1-min 
water delivery schedule. Thus the ten days within each ex- 
perimental phase were collapsed. Hence, only phase mean 
data was analysed and presented (see Fig. 3, Upper Graph): 
Group 1, in Phase I the FT 1-min water delivery schedule 
was in operation, while Phase II was the control or no 
schedule condition; Group 2, Phase I was the control condi- 
tion, while in Phase II, the FT 1-min water delivery schedule 
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was in operation. The results of a 2-way ANOVA with one 
repeated measure for phase showed a significant effect be- 
tween group, F(1,16)=26.48, p<0.001. Similarly, the inter- 
action effect between phase and group was highly signifi- 
cant, F(1,16)=70.18, p<0.001. This interaction result 
suggested that food consumption was greater when the 
schedule was not in operation (control condition) in either 
the first or second order of presentation (see Fig. 3, Upper 
Graph). 


Discussion 


The results of this experiment demonstrated that food 
consumption was higher in the control condition, that is, 
when the FT 1-min water delivery schedule was not in oper- 
ation. These results confirmed the findings of Experiment 1, 
and suggested that the order of presentation of the FT 1-min 
water delivery schedule did not have an effect. However, the 
overall higher level of food consumption demonstrated by 
Group | was unexpected and difficult to interpret. A replica- 
tion of this experiment may elicit an explanation. 


EXPERIMENT 5 


Experiment | showed that food consumption increased in 
the control condition when the schedule was not in opera- 
tion. This unexpected increase in food consumption may be 
due to an interaction between the two dependent variables 
food and water [4]. That is, as the animals had been water 
deprived for the previous 23 hours, they would have been 
both thirsty and hungry. Therefore, the animals would con- 
sumed the food immediately after the 6 ml of water was made 
available at the beginning of the 1 hour experimental session. 
Experiment 5 was designed to investigate this possibility. 


Method 


Eighteen naive rats with body weights held at 80% FFW 
were divided into two groups: Nine animals were allocated 
to the Water Beginning group (WB) and nine to the Water 
After (WA) group. For the WB group, 6 ml of water was 
presented in a Petri dish at the beginning of the testing session. 
For the WA animals, 6 ml of water was presented at the end 
of the testing session. A second Petri dish of 3.5 gram labora- 
tory animal stock pellets was placed 21.5 cm from the water 
dish for both groups. The schedule was not in operation over 
the ten day experiment. 


Results 


Figure 3 (Lower Graph) illustrates the means and stand- 
ard deviations for the daily mean food consumption in the 
experimental chamber for the two groups of animals: Group 
1 received 6 ml of water after the 1 hour experimental ses- 
sion, while Group 2 was presented with 6 ml of water at the 
beginning of the 1 hour experimental session. A 2-way 
ANOVA with one repeated measure for day was applied to 
the data. The analysis revealed a highly significant difference 
in the main effect of group, F(1,16)=287.57, p<0.001, and a 
significant difference for the main effect of day, 
F(9,144)=3.08, p<0.01. Similarly, a highly significant differ- 
ence was demonstrated for the interaction effect between 
group and day, F(9,144)=4.05, p<0.001. As can be seen 
from Fig. 3 (Lower Graph), these results showed that the test 
session food consumption level was significantly higher for 
the WB animals which received the 6 ml of water at the 
beginning of the one hour session. 
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FIG. 3. Upper Graph: The means and standard deviations for the 
experimental food consumption, showing the effects of the temporal 
order of presentation over two phases for two groups. Lower Graph: 
Means and standard deviations for experimental food consumption 
in grams showing the temporal effects of water presentation over a 
10 day period. 


Discussion 


The findings of this study showed that the animals con- 
sumed significantly more food when the 6 ml of water was 
presented at the beginning of the experimental session. This 
suggested that the increase in food consumption may be due 
to the interaction between food and water. It was possible, 
therefore, that the excessive eating demonstrated in the Bel- 
lingham ef al. [1] experiment may also be attributed to this 
explanation. 


GENERAL DISCUSSION 


The findings from the five experiments presented in this 
paper demonstrated that: (1) schedule-induced hyperphagia 
did not develop; (2) rats consumed significantly more food 
when in the control condition, that is when the FT 1-min 
water delivery schedule was not in operation, than in the 
experimental condition when the schedule was in operation; 
and (3) the pellet size, stimulus configuration within the ex- 
perimental chamber, differential ordering of the presentation 
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of the schedule, body weight reduction, and the FT 1-min 
water delivery schedule, were not important factors in the 
generation of schedule-induced hyperphagia. 

The present series of experiments confirmed the findings 
of an earlier study [15] which showed that body weight re- 
duction was not important in the generation of schedule- 
induced hyperphagia. However, inconsistent results have 
been shown in other animal studies of schedule-induced be- 
haviour, either with or without the body weight reduction 
variable [3, 10, 11, 12, 14, 16, 18, 19, 20]. Schedule-induced 
hyperphagia [3, 12, 14, 18] and schedule-induced licking [19] 
did not develop in weight reduced (water restricted) rats; 
schedule-induced polydipsia did not develop in the South 
African rodent, the Degu [10] or hamsters [20], and 
schedule-induced aggression did not develop in weight re- 
duced (food restricted) rats [11]. Conversely, however, a 
variety of schedule-induced behaviours developed in rats 
with no body weight reduction [16]. The importance of body 
weight reduction in schedule-induced behaviour experiments 
becomes increasingly questionable when inconsistent results 
such as these are highlighted. 

The present series of experiments revealed that the FT 
l-min water delivery schedule was not effective in demon- 
strating the usual increment in schedule-induced behaviour, 
in particular schedule-induced hyperphagia. However, it was 
noted that the food consumption in the control (no schedule) 
condition in all experiments was at a significantly higher 
level than the schedule condition. As demonstrated in Exper- 
iment 5, the increase in food consumption appeared to be an 
interaction between food and water and not the schedule 
depressing the food consumption. That is, rats receiving the 
6 ml of water at the beginning of the 1 hour experimental 
session (control condition) have an increased mouth and di- 
gestive lubrication and, therefore, have an increased oppor- 
tunity for an increment in food consumption during the ex- 
perir ental session. Conversely, it could also be postulated 
that rats which have 6 ml of water sparsely distributed in 
sixty 0.1 ml offerings over a 1 hour session do not have the 
same mouth and digestive lubrication which allows food 
consumption. These interpretations were presented because 
it could be argued that hungry animals drink less because 
they are not thirsty, i.e., the animals do not need to mobilize 
as much water to digest the lower food intake, and they 
require less body water to maintain a shrinking body mass. 
However, this was not the case with hungry animals in 
schedule-induced polydipsia experiments [7]. These hungry 
rats imbibed half their body weight of water in a single three 
and a half hour session [7]. So, were water restricted animals 
hungry and did they consume less food because they were 
thirsty? Another hypothesis was that water deprived 
animals consumed less food because of the challenge that 
food intake placed upon mobilizing an already restrained 
water reserve for digestion. These animals were, therefore, 
both thirsty and hungry, but depleted body water suppressed 
food intake. 

The present findings did not explain the results of the 
Bellingham et al. [1] study. Experiments 2 and 3, designed to 
test the two prima facie important variables differing in the 
present study to the Bellingham e/ al. study [1], also failed to 
demonstrate schedule-induced hyperphagia. Experiment 2 
revealed that the difference in magnitude of the food pellets 
used by Bellingham ef al. [1] had no effect on the experi- 
mental session food consumption level. Similarly, Experi- 
ment 3, designed to test the stimulus configuration within the 
experimental chamber, demonstrated that the spatial loca- 
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tion of the experimental food pellets had no significant effect 
on the level of food consumption in the experimental 
chamber. 

The series of experiments could not resolve the discrep- 
ancy between the results of the present findings and that of 
Bellingham et al. [1]. However, it should be noted that the 
slight increase in food intake in the Bellingham et al. study 
[1] could be due to differences in other experimental proce- 
dure. For example, in their experiment, the control group 
was never placed in the experimental chamber and, there- 
fore, received less handling; furthermore, food intake meas- 
urements for the control group were taken from the home 
cages whereas the food intake measurements for the experi- 
mental group were taken from the experimental chambers. It 
was hypothesized from the findings of the present series of 
experiments that these differences in experimental proce- 
dures may have accounted for the increased food intake re- 
ported in their study [1]. 

The present schedule-induced hyperphagia findings were 
consistent with those of Carlisle et a/. [3], King [12], Myer- 
son and Christiansen [14] and Wetherington and Brownstein 
[18]. From the results of the present series of experiments, it 
was concluded that schedule-induced hyperphagia was not 
demonstrable under the prototypical [7] schedule-induced 
behaviour experimental paradigm. For example, where some 
SIBs schedule-induced polydipsia alluded to Falk’s [9] laws 
of adjunctive behaviour, schedule-induced hyperphagia ap- 
peared to deviate from them. It was hypothesized from the 
findings of the present series of experiments that schedule- 
induced hyperphagia may be a different class of behaviour. 

Alternatively, the inconsistent results for schedule- 
induced hyperphagia as compared to schedule-induced be- 
haviour, in particular schedule-induced polydipsia studies, 
could be attributed to the differences in the effects of the 
primary reinforcing variables of food and water. There may 
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be a physiological factor influencing the psychological be- 
haviour of the animals when either one of these variables 
was used in experimental designs. 

Wayner [17] similarly hypothesized that ‘‘electrical stimu- 
lation and physiological imbalances arising from deprivation 
[which implied body weight reduction] were capable of in- 


creasing spinal reflex excitability . . . which resulted in an 
increase to respond to available stimuli.’” However, White 
and Wayner [19] found that ‘‘although electrical stimulation 
of the lateral hypothalamus generated SIB, no SIB devel- 
oped when [the animals were] water deprived for 24 or 48 
hours.’ These results suggested that water restriction in- 
curred different physiological properties to the ‘‘electrical 
stimulation and physiological imbalances arising from [food] 
deprivation’’ as postulated by Wayner [17]. 

However, this physiological explanation of the use of 
food and water as weight reduction variables does not ex- 
plain how SIB can develop without prior weight reduction, 
as in the Singer et al. [16] study. 

A further physiological explanation for the inconsistent 
results of SIP and SIH may be attributed to the differential 
excretory functions of the renal and the defecatory systems. 
It was postulated that rats have a very efficient renal system, 
that is, ‘‘normal subjects had a decreased maximum urinary 
concentration in response to Pitressin [Tannate in oil] after a 
course of forced drinking’’ [7]. Also, if the water was re- 
moved from the experimental sessions so that the animal had 
no water available during its food-schedule performance, 
there was no disruption of the food performance [7]. This 
may allow and/or account for excessive water/fluid intake. 
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CLARK, M. M., C. A. SPENCER AND B. G. GALEF, JR. Responses to novel odors mediate maternal behavior and 
concaveation in gerbils. PHYSIOL BEHAV 36(5) 845-851, 1986.—In a series of three experiments we examined: (Experi- 
ment 1) responses to novel odors by early- and late-maturing not-pregnant, pregnant, nursing and postweaning female 
Mongolian gerbils, (Experiment 2) the response of the same eight groups of female gerbils to unfamiliar pups, and 
(Experiment 3) the rate of induction of maternal behavior by concaveation in early- and late-maturing nulliparous gerbils. We 
found: (1) that those females that responded relatively positively to novel odors in Experiment | were more likely to 
retrieve and less likely to attack unfamiliar pups in Experiment 2 than those females responding relatively negatively to 
novel odors in Experiment 1, and (2) that early-maturing nulliparous gerbils both responded more positively to novel odors 
and exhibited more rapid induction of maternal behavior by concaveation than late-maturing nulliparous gerbils. The 
results both confirm and extend Fleming and Rosenblatt’s (1974) hypothesis that differences in response to novel odors 


mediate individual differences in maternal responsiveness. 


Maternal behavior Concaveation 


Sexual maturation 


Infanticide Neophobia Gerbils 





FEMALE Mongolian gerbils (Meriones unguiculatus) 
encountering unfamiliar gerbil pups may behave maternally, 
ignore the young, or attack and kill them [5, 6, 7]. As is the 
case in rats, mice and other rodents (for reviews see [12, 13, 
14]), response to conspecific neonates in female gerbils var- 
ies with reproductive state: nulliparous gerbils and those in 
early or mid-pregnancy frequently kill young [5,6]; recently 
parturient females tend to respond maternally toward them, 
while female gerbils more than 11 days postpartum again 
exhibit increasing levels of infanticide [7]. Female gerbils in 
the same reproductive condition also show considerable var- 
iability in their response to pups. Some parturient female 
gerbils exhibit little maternal behavior, while others 
are consistently maternal [1,15]. 

Fleming and her co-workers [8, 9, 10] have presented 
evidence consistent with the hypothesis that some of the 
variation in response to pups exhibited by nulliparous and 
parturient rats is the result of hormonally induced changes in 
the tendency of parturient females to avoid novel olfactory 
cues. Induction of maternal behavior in nullipara can be ac- 
celerated by rendering them anosmic prior to concaveation 
[9]. Parturient rats are less timid or emotional in a variety of 
test situations than are nullipara [8,11]. On this model, the 
initial reluctance of nulliparous female rats to contact pups is 
seen as the result of avoidance of the constellation of cues 
emitted by pups and the willingness of parturient dams to 
exhibit maternal behavior is seen as reflecting a reduced 
level of emotional response to that constellation of cues. 

Given that differences in the degree of maternal behavior 
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exhibited by nulliparous and parturient rats is to be at least 
partly understood in terms of differences in the extent to 
which rat pups elicit emotional response from them, it 
seemed possible that differences in behavior towards pups 
exhibited by female gerbils might be similarly mediated. If 
gerbils differ in their response to novel odors, on the Fleming 
hypothesis, one would expect those gerbils showing greatest 
relative avoidance of novel odors to show reduced levels of 
maternal behavior. Conversely, one would expect those 
female gerbils exhibiting low levels of maternal behavior to 
exhibit greater reluctance to contact novel olfactory stimuli 
than those female gerbils exhibiting relatively high levels of 
maternal behavior. For example, we have recently reported 
that differences in behavior toward own young exhibited by 
female gerbils correlates with their ages at vaginal introitus. 
Those nursing females that had exhibited vaginal introitus 
before reaching 25 days of age (early-maturing) were less 
likely than those that had exhibited vaginal introitus after 
reaching 25 days of age (late-maturing) to keep their pups 
gathered in the nest, nurse their young, or retrieve displaced 
young [3,4]. On the Fleming hypothesis, one might expect 
early-maturing lactating gerbils to be more timid or emo- 
tional than their late-maturing sisters. In general, support for 
a role of emotional response to pups in mediating differences 
in levels of maternal responsiveness could be provided by 
demonstration of negative correlations between the levels of 
maternal behavior exhibited by gerbils of different matura- 
tional histories and in different reproductive states and their 
relative levels of avoidance of novel olfactory stimuli. 
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In the present series of experiments, we examined the 
response of female gerbils both to novel odors and to un- 
familiar pups. The issues we addressed were the relationship 
between avoidance of novel odors and maternal responsive- 
ness of gerbils both of different maturational histories and at 
different stages in the reproductive cycle. In Experiment 1, 
we determined the relative aversion to novel olfactory stim- 
uli of female gerbils with different rates of sexual maturation 
and in different reproductive states. In Experiment 2, we 
examined the relationship between individuals’ preferences 
for novel odors, as determined in Experiment 1, and their 
probability of retrieving or attacking unfamiliar pups. In Ex- 
periment 3, we examined, in virgin gerbils, the relationship 
between responses to novelty, as determined in Experiment 
1, and rates of induction of maternal behavior by concavea- 
tion. 


GENERAL METHOD 


Multiparous breeding pairs of Mongolian gerbils 
(Meriones unguiculatus) acquired from Tumblebrook Farm 
(Brookfield, MA) served as the source of all subjects. Breed- 
ing pairs were housed in polypropylene cages (353015 
cm) with hardware-cloth (1.27-cm) lids. Each cage was car- 
peted with a thin layer of woodchip bedding (Betta-chip, 
Northeastern Products Corp., Warrensburg, NY). The col- 
ony was maintained on ad lib Purina Laboratory Rodent 
chow and water in a single, temperature-controlled colony 
room illuminated on a 12-hr light/dark cycle (lights on at 0700 
hr). Breeding pairs were examined daily and, when a female 
was visibly pregnant (third trimester), her mate was removed 
from her cage. Cages containing pregnant females were 
examined twice daily (1000 and 1700 hr) to determine dates 
of parturition. 

Pups in each litter were toe-clipped for individual recog- 
nition on the day of their birth (Day 1) and were weaned to a 
cage separate from their dam on Day 25. During the period 
from birth to sexual maturation, each female was examined 
daily to determine her age at vaginal perforation. Examina- 
tion for vaginal perforation was accomplished by applying 
gentle pressure just below the vagina. 

Females exhibiting vaginal introitus before weaning on 
Day 25 were classified as early-maturing (EM) and those 
achieving vaginal perforation after weaning, as late-maturing 
(LM). As we have shown previously [4], age at vaginal open- 
ing is bimodally distributed in domesticated gerbils. There is 
no overlap in the ages at which EM females (mean=16.5+0.7 
days) and LM females (mean=37.1+0.8 days) exhibit vagi- 
nal introitus. Because we weaned our gerbils at 25 days of 
age, it was convenient to use a criterion of vaginal patency at 
Day 25 to discriminate EM from LM females. 


EXPERIMENT 1 


The present experiment was undertaken to determine the 
relationship between reproductive state and response to 
novel odors in early-maturing (EM) and late-maturing (LM) 
female gerbils. Independent groups of EM and LM nullipar- 
ous, pregnant, nursing and 7-day postweaning females were 
tested for their tendency to investigate a novel odor in a 
choice situation. 


METHOD 
Subjects and Rearing Condition 
Subjects were 81 EM and 71 LM female Mongolian ger- 
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bils selected from 85 litters born in the McMaster colony and 
reared as described in the General Method section. 

Independent groups of females were tested for their re- 
sponses to novel odors when not-pregnant (EM, n=25; LM, 
n=25), pregnant (EM, n=25; LM, n=25), nursing (EM, 
n=16; LM, n=11) or after weaning of their litters (EM, 
n=15; LM, n=10). Not-pregnant females had been mated at 
Day 25 but had failed to conceive (at the time of testing they 
were not visibly pregnant and they did not produce litters in 
the next 30 days). Pregnant females were visibly pregnant at 
the time of testing and each delivered a litter within 7 days of 
testing (mean=4.8+0.40 days). Nursing subjects were tested 
on Day 10 postpartum, and postweaning females 7 days after 
removal of their litters on Day 25 postpartum. 

Subjects were selected from within our colony so that 
within each reproductive condition mean ages of EM and LM 
females were roughly equated at testing. Individual subjects 
ranged from 75-182 days of age at testing, with mean ages of 
122.0+7.9, 107.0+5.8, 118.0+5.2, and 135.2+7.6 days for, 
respectively, not-pregnant, pregnant, nursing and postwen- 
ing groups. 


Procedure 


Immediately before testing each female, other gerbils if 
any in her cage (her mate or litter) were removed. The lid of 
her cage was then replaced with an experimental lid. The 
experimental lid, constructed of (1.27 cm) screen, had two 
circular holes (5 cm) cut in it 14.1 cm apart, equidistant from 
the sides of the lid and 5.4 cm from one end. Attached to the 
lid, over the holes, were two L-shaped, 5-cm diameter, 
cylindrical metal tubes. These tubes were attached to the lid, 
with the long arm of the ‘‘L’’ at right angles to it and the 
short arm parallel to the cage floor. Removable closures at 
the end of the short arm of each ‘‘L”’ permitted stimuli to be 
introduced into each cylinder. 

The experimenter placed a 0.5 g ball of cotton batting, 
wrapped in screen (to prevent subjects from shredding the 
stimulus), and moistened with 2.5 ml (0.5 tsp) of lemon 
extract (Club House Foods Ltd., Toronto, Ont.) in the short 
arm of one L-shaped cylinder and 0.5 g of material (wrapped 
in screen) from a subject’s own nest in the short arm of the 
other cylinder. 

In the 15 min following placement of stimuli in the appara- 
tus, an observer, unaware of the location of the two stimuli 
and unaware of the reproductive state of the subject, re- 
corded the number of sec each subject spent investigating 
each stimulus. A subject was considered to be investigating a 
stimulus when its head was inside the long arm of the 
L-shaped cylindrical metal tube holding that stimulus. A 
novelty preference score was calculated for each subject by 
dividing the number of sec a subject spent investigating the 
scented stimulus by the number of sec it spent investigating 
both scented and unscented stimuli. 

After testing, nursing subjects were given back their lit- 
ters and allowed to rear them to weaning on Day 25. 


RESULTS 


The main results of Experiment | are presented in Fig. 1 
which shows the mean novelty preference scores of both EM 
(left-hand panel) and LM (right-hand panel) females in var- 
ious reproductive states at testing. 


Novelty Preference as a Function of Reproductive State 


Reproductive state had a significant effect on response to 
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FIG. 1. Novel odor preference scores of early-maturing (left-hand 
panel) and late-maturing (right-hand panel) females in various repro- 
ductive conditions. Numbers in bars=N’s per group. Numbers 
above bars=mean total number of sec subjects spent investigating 
both the familiar and the novel olfactory stimuli. Flags=+1 SEM. 


the novel olfactory stimulus of both EM, F(3,77)=7.22, 
p<0.01, and LM, F(3,67)=7.90, p<0.01, females. Early- 
maturing reproductively active females, (i.e., those pregnant 
or nursing) spent less time investigating the novel stimulus 
than those EM females not reproductively active (i.e., either 
not-pregnant or postweaning) (protected ¢ tests [16], all 4 
t’s>3.01, all p’s<0.01). In contrast, LM females responded 
more positively to the novel olfactory stimulus when repro- 
ductively active than when reproductively not active 
(protected ¢ tests, all 4 t’s>3.17, all p’s<0.01). 

There were no significant differences in novelty prefer- 
ence scores either between not-pregnant and postweaning or 
between pregnant and nursing females in either the EM 
(protected ¢ tests, both t’s<0.74, both p’s>0.20), or LM 
groups (protected ¢ tests, both t’s<0.72, both p’s>0.20). 


Novelty Preference as a Function of Age at Sexual 
Maturation 


Comparison of the data presented in the left- and right- 
hand panels of Fig. 1 revealed that not-pregnant and 
postweaning EM females responded more positively to a 
novel odor than LM females in the same reproductive condi- 
tions (two-tailed ¢ tests, both t’s>3.98, both p’s<0.001). 
Early-maturing females that were either pregnant or nursing 
responded less positively to a novel odorant than LM 
females in comparable reproductive conditions (two-tailed ¢ 
tests, both t’s>2.46, both p’s<0.05). 


DISCUSSION 


The results of the present experiment indicate that the re- 
sponse to novel odors exhibited by female gerbils is affected 
both by their reproductive state and by their ages at sexual 
maturation. In general, EM females responded more posi- 
tively to a novel odorant when they were not reproductiveiy 
active, while LLM females responded more positively to a 
novel odorant when they were reproductively active. 

In order to be sure that the results of the present experi- 
ment were not peculiar to lemon extract, we tested an addi- 
tional four groups of 16 subjects each (EM pregnant and 
not-pregnant, LM pregnant and not-pregnant) using almond 
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extract rather than lemon extract as the novel olfactory 
stimulus. The pattern of results paralleled those found in the 
main experiment (mean novelty preference for almond 
extract: EM pregnant, 27.9+3.1 percent; EM not-pregnant, 
44.3+5.9 percent, LM pregnant, 44.9+5.4 percent, LM 
not-pregnant, 17.1+3.8 percent). 


EXPERIMENT 2 


If Fleming and her co-workers [8, 9, 10] are correct in 
asserting that the response exhibited by female rodents to 
unfamiliar pups is, at least in part, a reflection of their reac- 
tion to novel odors, than the results of Experiment | should 
predict the response to unfamiliar pups of EM and LM 
female gerbils in various reproductive states. In general, one 
would expect those groups of females exhibiting a relatively 
positive response to the novel odorant in Experiment | to 
retrieve unfamiliar pups more frequently and attack them 
less frequently than females in those groups tending to avoid 
contact with a novel odorant. In particular one would predict 
(see Fig. 1): 

(1) That EM not-pregnant and postweaning females 
should be more likely to retrieve and less likely to attack 
unfamiliar pups than LM not-pregnant and postweaning 
females. 

(2) That EM pregnant and nursing females should be less 
likely to retrieve and more likely to attack unfamiliar pups 
than LM pregnant and nursing females. 

(3) That not-pregnant and postweaning LM females 
should be less likely to retrieve and more likely to attack 
unfamiliar pups than pregnant and nursing LM females. 

(4) That not-pregnant and postweaning EM females 
should be more likely to retrieve and less likely to attack 
unfamiliar pups than pregnant and nursing EM females. 

(5) That, independent of reproductive condition, females 
retrieving unfamiliar pups should have exhibited higher 
novelty preference scores in Experiment | than those 
females not retrieving them. 

(6) That the time females spend in contact with unfamiliar 
young should correlate positively with their novelty prefer- 
ence scores in Experiment 1. 

In the present experiment we tested each of these six 
predictions. 


METHOD 
Subjects 


The 81 EM and 71 LM females that were tested in Exper- 
iment | also served as subjects in Experiment 2. Forty-three 
EM and 53 LM experimentally naive females, selected from 
44 additional litters reared in the McMaster colony as de- 
scribed in the General Method section, were also used to 
bring our total N’s to 124 EM and 124 LM females. 


Procedure 


The 152 subjects from Experiment | were tested for their 
response to unfamiliar pups either 2 hr before or 2 hr after 
they were tested for their response to a novel odorant. Each 
of the 96 experimentally naive subjects was tested only once 
for her response to unfamiliar pups at an appropriate point in 
her reproductive cycle. 

Immediately before testing any female for her response to 
strange pups, her mate, if present, was removed from her 
cage. Nursing females were tested with their litters present 
in their cages. 
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FIG. 2. Percentage of early-maturing (upper panel) and late- 
maturing (lower panel) females in various reproductive conditions 
retrieving, indifferent to, and attacking strange pups. x? in left- 
hand margin are comparisons across reproductive conditions. 
x? along the bottom of the figure are comparisons between EM 
and LM females in each reproductive condition. 


To initiate testing, two 1-3 day old pups, one male and 
one female, were placed in a female’s cage in the corner 
diagonally opposite her nest. During the 5-min period im- 
mediately following introduction of the pups, an observer 
unaware of the design or purpose of the experiment 
categorized each subject as (1) attacking (if she caused one 
or both pups to bleed), (2) retrieving (if one or both pups 
were transported to the nest) or (3) indifferent (if the pups 
were neither harmed nor retrieved). Testing was terminated 
immediately by the observer if a female attacked pups. The 
observer also recorded the number of sec retrieving and in- 
different females spent licking and nosing pups. 


RESULTS 


The main results of Experiment 2 are presented in Fig. 2 
which shows the percentage of EM and LM females in var- 
ious reproductive states retrieving, indifferent to, and attack- 
ing pups during the 5-min test. The data are discussed below 
with respect to the six predictions made in the introduction 
to the present experiment. In each of the analyses presented 
below, we first performed a Chi-square test across all rele- 
vant subject conditions and all three measures (retrieval, in- 
difference and attack) to determine whether there were sig- 
nificant differences among groups in maternal behavior. We 
then partitioned the Chi-square table [2] to examine the ef- 
fects of subject condition on the frequency of occurrence of 
retrieval vs. indifference and attack vs. not-attack. 


Prediction 1 


As predicted, EM not-pregnant and postweaning females 
were significantly more maternal than LM not-pregnant and 
postweaning females, ,?(2)=13.54, p<0.01. These differ- 
ences in maternal behavior were the result both of EM 
females retrieving with greater frequency, ,7(1)=3.87, 
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p<0.05, and attacking with less frequency, x*(1)=9.65, 
p<0.01, than LM females. 


Prediction 2 


As predicted, EM pregnant and nursing females were less 
maternal than LM pregnant and nursing females, 
x?(2)= 12.97, p<0.01. This difference was, in large measure, 
attributable to the greater frequency of retrieval exhibited by 
LM females, x7(1)=11.14, p<0.01. Although there was no 
significant difference in frequency of pup attack by EM and 
LM females, x?(1)=1.57, 0.15>p>0.10, one-tailed test, there 
was a tendency for EM pregnant and EM nursing females to 
attack pups more frequently than LM pregnant and LM nurs- 
ing females. 


Prediction 3 


As predicted, there were significant differences among 
LM females in different reproductive states in their response 
to unfamiliar pups, x7(6)=67.69, p<0.001. Pregnant and 
nursing females were both more likely to retrieve, 
x?(1)= 16.08, p<0.001, and less likely to attack, x7(1)=10.13, 
p<0.01, than not-pregnant and postweaning LM females. 
Confirmation of Prediction 3 is, of course, not very inform- 
ative, as it would be predicted by any model of maternal 
behavior. 


Prediction 4 


In partial confirmation of Prediction 4, EM females in 
different reproductive states differed significantly in their re- 
sponse to unfamiliar pups, x(6)=22.9, p<0.01. This resulted 
from a lower frequency of attack by not-pregnant and 
postweaning EM females than pregnant and lactating EM 
females, x?(1)=3.12, p<0.05, one-tailed test. The two groups 
of EM females did not, however, differ in their frequency of 
retrieval, x?(1)=0.01, NS. 


Prediction 5 


As predicted, those EM and LM females examined in 
both Experiments 1 and 2 that retrieved pups had higher 
mean novelty preference scores (EM, mean=50.4+3.8%; 
LM, mean=51.1+4.6%) than those of EM and LM females 
attacking pups (EM, mean=35.8+3.3%; LM, 
mean=28.7+3.9%; two-tailed ¢ tests, both t’s>2.32, both 
p’s<0.05). 


Prediction 6 


Consistent with prediction, as can be seen by comparing 
Fig. 1 with Fig. 3 (which shows the mean time those EM and 
LM females that did not attack pups spent in contact with 
them in the 5-min test in Experiment 2), the mean novelty 
preference scores of females in various reproductive condi- 
tions correlated well with their mean time spent in contact 
with pups. Rank order correlations between the percentage 
of time individual females not attacking young in Experiment 
2 spent in contact with them and the percentage of time those 
same females spent in contact with the novel olfactory 
stimulus in Experiment | were significantly positive for both 
the 67 EM (Spearman’s rho=0.28, t=2.35, p<0.02) and 53 
LM (Spearman’s rho=0.40, t=3.08, p<0.01) females. Al- 
though the values of rho are not high, they are fairly impres- 
sive given that attacking females (not included in the 
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EARLY-MATURING FEMALES LATE-MATURING FEMALES 
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PREGNANT NURSING POST- NOT PREGNANT NURSING POST- 
WEANING PREGNANT WEANING 








MEAN TIME WITH PUPS (sec) 





PREGNANT 


REPRODUCTIVE CONDITION 


FIG. 3. Mean number of sec spent in contact with strange pups by 
those early-maturing (left-hand panel) and late-maturing (right-hand 
panel) females not attacking strange pups. Numbers in bars=N’s per 
group. Flags=+1 SEM. 


analysis) were responsible for most of the low novelty pref- 
erence scores in Experiment | (see Prediction 5). 


DISCUSSION 


The results of the present experiment support the conten- 
tion [8, 9, 10] that elicitation of maternal behavior in female 
rodents by unfamiliar young is influenced by a female’s de- 
gree of aversion to novel odors. Five of the six predictions 
concerning the occurrence of retrieval and attack derived 
from the novelty preference scores of females in Experiment 
1 are supported in the present experiment. 

Obviously, the occurrence of maternal behavior in re- 
sponse to unfamiliar pups is not determined solely by a 
female’s degree of neophobia. Thus, it is not too surprising 
that Prediction 4, that reproductively active EM females 
should be less maternal than those EM females not repro- 
ductively active, was not strongly confirmed. However, the 
finding in the present experiment of low levels of retrieval of 
unfamiliar pups by nursing EM females (that exhibited low 
novelty preference scores in Experiment 1) suggests that 
their tendency to avoid novel olfactory stimuli was inhibiting 
whatever other factors might have influenced them towards 
behaving maternally. Further, the finding of greater fre- 
quency of attack of unfamiliar pups by reproductively active 
than by reproductively inactive EM females (Prediction 4) is 
both counterintuitive and consistent with Fleming’s [8, 9, 10] 
model. 

It might be argued that high frequency of retrieval and low 
frequency of attack of unfamiliar pups in a 5-min test is not 
an adequate index of maternal responsiveness. To validate 
our measure of maternal responsiveness we examined the 
rate of loss of pups by nursing EM and LM females between 
birth and weaning (Day 25) as a function of their behavior 
towards unfamiliar pups in Experiment 2. As can be seen in 
Table 1 (which shows the mean number of own pups lost by 
females that retrieved, ignored, or attacked unfamiliar pups 
in Experiment 2), those females retrieving strange pups were 
more successful in maintaining their own litters than those 
females attacking unfamiliar pups (protected ¢ tests, both 
t’s>2.03, both p’s<0.05). 

Further, we found significant negative correlations be- 
tween the novelty preference scores of pregnant and lactat- 
ing EM and LM females in Experiment 1 and the number of 
pups they lost between birth and weaning (Spearman rank- 


TABLE 1 


MEAN NUMBER OF OFFSPRING LOST BY EM AND LM FEMALES 
RETRIEVING, INDIFFERENT TO, AND ATTACKING 
STRANGE YOUNG 





N Retrieving Indifferent Attacking F 





Early- 30 0.6+0.3 
Matur- 
ing 

Late- 
Matur- 


ing 


11+03 2.6+0.5 (2,27)=4.38* 


30 0.7+0.2 3.0+1.1 2621.4 F(2,27)=4.21* 





*p<0.05. 


order correlations: Em pregnant, rho=—0.34, p<0.05; EM 
nursing, rho=—0.53, p<0.01; LM pregnant, rho=—0.45, 
p<0.05; LM nursing, rho=—0.61, p<0.01). Thus, retrieval 
and attack during testing in Experiment 2 predicted behavior 
by a female toward her own young and response to a novel 
olfactory stimulus in Experiment 1 predicted a female’s be- 
havior toward her own pups as well as foreign ones. 


EXPERIMENT 3 


On the Fleming [8, 9, 10] model, it should be more dif- 
ficult to induce maternal behavior by concaveation in those 
virgin females responding negatively to novel odors than in 
those responding positively to novel odors. In the present 
experiment we compared the rate of induction of maternal 
behavior by concaveation in EM and LM nullipara. Because 
the results of Experiment | of the present series indicate that 
non-pregnant EM females respond more positively to novel 
odors than not-pregnant LM females, one would expect, on 
the Fleming hypothesis, that maternal behavior should be 
induced more easily in EM than in LM nullipara. 


METHOD 
Subjects and Rearing Condition 


Subjects were 19 sister pairs of nulliparous gerbils from 19 
litters reared in the McMaster colony as described in the 
General Method section. One member of each pair was 
early-maturing (EM) and the other late-maturing (LM). At 
weaning, on Day 25, sister pairs were placed together in 
cages separate from their dams and littermates. At 80 days of 
age, all 38 subjects were placed in individual cages 
(30x 18x11 cm). 


Procedure 


Induction of maternal behavior was initiated 1 week after 
each female had been transferred to its individual cage. On 
each of 7 days, two pups, 1-3 days of age, were introduced 
into each female’s cage in the corner diagonally opposite her 
nest site. During the 15-min period following introduction of 
the pups, an observer, unaware of the age of subject females 
at vaginal introitus, recorded: (1) retrieval (i.e., transport of 
one or both test pups to the nest), (2) contact (i.e., the 
number of sec a female sniffed or licked the test pups), and 
(3) nursing (i.e., a female assuming a nursing posture over 
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FIG. 4. Cumulative percentage of virgin early-maturing and late- 
maturing females (A) retrieving pups and (B) assuming a nursing 
posture on each of 7 days of testing for induction of maternal behav- 
ior. 


the pups or lying on her side, exposing her nipples to the 
pups). 

At the conclusion of each day’s test, test pups were re- 
placed with 2-4, 1-3 day-old young that were left with each 
female for the following 24 hr. At the end of each 24-hr 
period of exposure to pups, these pups were removed. One 
hr later, a 15-min test with two new 1-3 day-old pups was 
initiated. 


RESULTS 


The main results of Experiment 3 are presented in Figs. 
4a and 4b which show, respectively, (4a) the cumulative per- 
centage of EM and LM females retrieving pups or (4b) as- 
suming a nursing posture during daily 15-min tests for in- 
duced maternal behavior. There were significant differences 
between EM and LM females in rate and probability of in- 
duction of maternal behavior. Early-maturing females re- 
quired fewer trials to first retrieve (Wilcoxon matched-pairs 
signed-ranks test, T=22, p<0.025) and fewer trials to first 
assumption of a nursing posture (T=28, p<0.025) than their 
LM sibs. During the 7 days of testing, 17 of 19 EM females 
retrieved pups, while only 10 of 19 LM females did so (Fisher 
Exact Probability Test, two-tailed, p<0.05). Eighteen of 19 
EM females exhibited nursing postures, while only 12 of 19 
LM females did so (Fisher Exact Probability Test, two- 
tailed, p<0.05). 

Those EM and LM females that did become maternal 
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differed neither in the number of trials on which they re- 
trieved pups (two-tailed ¢ test, 1(25)=0.51, NS), nor in the 
number of trials during which they exhibited nursing 
postures (two-tailed ¢ test, 7(28)=0.65, NS). 

During the first test trial, when subjects were first ex- 
posed to pups, EM females spent a greater number of sec in 
contact with pups (mean=217.8+28.8 sec) than did LM 
females (mean=150.3+ 18.0 sec; correlated two-tailed ¢ test, 
1(19)=2.13, p<0.05). Those LM females that subsequently 
exhibited retrieval or nursing behavior spent a greater per- 
centage of the first test period in contact with pups 
(mean= 163.8+26.1 sec) than did those LM females that did 
not become maternal (mean=100.4+10.8 sec; two-tailed 1 
test, 7(17)=2.35, p<0.05). A similar trend was apparent in 
EM females, with those females becoming maternal during 
the 7 days of testing spending more of the first 15-min test in 
contact with pups (mean=228.6+24.3) than the one female 
that never retrieved or assumed the nursing posture (164 
sec). 

Attack of pups was relatively infrequent and occurred 
only on the first day of concaveation when 4/19 LM females 
and 1/19 EM females exhibited aggressive behavior toward 
pups (Fisher Exact Probability Test, p=NS). 


DISCUSSION 


Results of the present experiment offer support for the 
hypothesis that in gerbils, as in rats [8, 9, 10, 11], rate of 
induction of maternal behavior by concaveation is, at least in 
part, mediated by response to novel stimuli emitted by pups 
and experienced by nullipara. Late-maturing nulliparous 
gerbils exhibited both higher levels of aversion to novel 
odors than EM nulliparous females (Experiment 1) and lower 
frequencies of induction of maternal behavior in the present 
experiment. Further those LM females that became maternal 
exhibited greater attraction to pups upon initial contact with 
them than those LM females that did not become maternal. 

We were somewhat surprised to find that rate of induction 
of maternal behavior was equivalent in those LM and EM 
females that became maternal. It is perhaps relevant to note 
that although there were significant differences in novelty 
preference scores of EM and LM not-pregnant females in 
Experiment 1, there was overlap between the two groups in 
response to novel olfactory stimuli. Results of the present 
experiment, in which it was found that LM females exhibit- 
ing prolonged contact with pups upon initial exposure to 
them were more likely to exhibit induced maternal behavior, 
suggest that it is those LM females with the greatest 
initial aversion to novel stimuli presented by pups that were 
least likely to exhibit induced maternal behavior. Con- 
sistent with this interpretation is the finding that of those 
nine LM females delow the median in time spent in contact 
with pups during the first exposure period, only two eventu- 
ally retrieved, while seven of the nine females above the 
median in time spent with pups during initial contact re- 
trieved (Fisher Exact Probability Test, p =0.05). Similarly, if 
one considers EM and LM females together, time spent in 
contact with pups on the first day of exposure to them pre- 
dicted subsequent probability of induction of maternal be- 
havior. Only 10 of 19 subjects below the median in time spent 
in contact with pups on the first exposure day exhibited re- 
trieval during the 7 days of testing, while 17 of 19 of those 
subjects above the median did so (Fisher Exact Probability 
Test, p=0.03). Thus, response to novel stimuli both in Ex- 
periment | and in the present experiment were predictive of 
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probability of induction of maternal behaviors by concave- 
ation in nulliparous gerbils. 


GENERAL DISCUSSION 


The results of the present series of studies indicate that 
the response of female gerbils to a novel odor is a predictor 
of individual differences in maternal responsiveness. The 
model Fleming [8, 9, 10] proposed to account for differences 
in the response of rats in different reproductive states to 
strange pups, is confirmed both in female gerbils maturing at 
different rates and those at different points in their repro- 
ductive cycles. 

In Experiment 2, it was found that response of EM and 
LM female gerbils in various reproductive conditions to un- 
familiar pups could, to some extent, be predicted on the 
basis of their previously determined tendency to investigate 
a novel olfactory stimulus. In general, those groups of gerbils 
tending to avoid contact with novel olfactory stimuli in Ex- 
periment | also exhibited lower frequencies of retrieval be- 
haviour and greater frequencies of aggressive behavior 


851 


towards pups in Experiment 2. Further, in Experiment 3, it 
was found that relative probability of induction of maternal 
behavior by concaveation in EM and LM females corre- 
sponded to their relative aversion to a novei olfactory stimuli 
in Experiment 1. 

In a previous paper [4], we described differences in the 
quality of maternal behavior early-maturing and late- 
maturing females directed towards their own young. In gen- 
eral, early-maturing females were less attentive to their 
young than were late-maturing gerbils. The results of the 
present studies suggest that such differences in maternal 
behavior may reflect differences in the emotional response of 
early- and late-maturing female gerbils to their own young. 
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OROSCO, M., J. H. TROUVIN, Y. COHEN AND C. JACQUOT. Ontogeny of brain monoamines in lean and obese 
female Zucker rats. PHYSIOL BEHAV 36(5) 853-856, 1986.—Differences in monoamine and metabolite levels were 
previously observed between lean and obese 16 week-old female Zucker rats. In order to test whether these variations exist 
initially in young animals, catecholamines (CA), serotonin (5-HT) and some of their metabolites were assayed in brain areas 
of Zucker rats between 5 and 16 weeks of age. The levels of most compounds in all areas studied increased with age in both 
groups. At 5 weeks of age, there was no difference between lean and obese rats. At 8 weeks, a reduction of dopamine (DA) 
metabolites appeared in the striatum and cortex of obese rats and persisted up to 16 weeks. A reduction of the 5-HT 
metabolite, 5-hydroxyindolacetic acid (S-HIAA), occurred at 8 weeks only. At 16 weeks, increases of DA and 5-HT in the 
hypothalamus and decreases of norepinephrine (NE), 5-HT and 5-HIAA in the hippocampus appeared. These data suggest 
that the development of obesity occurs before any monoamine alterations. 


Zucker rat Obesity Age 
Monoamine metabolites 


Brain areas 


Norepinephrine 


Dopamine Serotonin 





AT 16 weeks of age, when obesity is well established, there 
are significant differences in brain monoamines between the 
genetically obese Zucker rat and its lean littermate [13,14]. 
Recently, by liquid chromatography with electrochemical 
detection (LC-ED) assays, we confirmed and extended our 
data [15]. The main differences observed were lower levels 
of dopamine (DA) metabolites in the striatum and in the 
cortex of obese animals, lower levels of serotonin (5-HT), 
5-hydroxyindolacetic acid (S-HIAA) and norepinephrine 
(NE) in the hippocampus and higher levels of DA and 5-HT 
in the hypothalamus of obese rats. 

These previous studies raise the question whether the ob- 
served variations between obese and lean rats exist initially 
in young animals or appear gradually with the development 
of obesity. Papers have not focused on this subject, though 
other authors have examined catecholamine (CA) levels in 
brain nuclei of four-month old female [2], two-month old 
male [3] and seven-month old male and female Zucker rats 
[10]. Finkelstein et al. [6] studied serotonergic activity in 
13-week old male Zucker rats. These studies do not permit 
the correlation of variations with age due to differences in 
the sexes of animals and in the method of analysis. 

We investigated changes in brain monoamines during the 
development of obesity in rats. The experiment was con- 
ducted on 5, 8, 12 and 16-week old lean and obese female 
Zucker rats. The youngest age of 5 weeks was chosen since 
the obese and lean rats could not be morphologically distin- 
guished at an earlier stage by our breeder. 


METHOD 
Animals 


Animals were genetically obese female Zucker rats [16] 


and their lean littermates at 5, 8, 12 and 16 weeks of age. 
They were obtained from the ‘Centre de Selection et 
d’Elevage d’Animaux de Laboratoire’ (Orleans, France). 
Each group consisted of 8 obese or lean rats of each age. 
Food and water were offered ad lib. We used female rats to 
maintain continuity with our other studies as most experimen- 
tal models of obesity are more easily obtained in females [4]. 


Preparation of Samples 


The animals were sacrificed by decapitation in early af- 
ternoon to avoid circadian variations. The brains were re- 
moved and dissected on a chilled plate following the de- 
scription of Glowinski and Iversen [7]. Hypothalamus, hip- 
pocampus, striatum and cortex were separated. The tissues 
were immediately frozen and stored at —80°C until the day of 
the assay. 

The samples were weighed, homogenized in 0.4 N per- 
chloric acid containing 0.1% EDTA, Na,S,O, and cystein. 
The different structures were homogenized in different vol- 
umes chosen as a function of their weight and their expected 
concentrations of amines. 


Biochemical Assays 


The assays were performed by liquid chromatography 
with electrochemical detection (LC-ED). This technique was 
adapted from the method of Morier and Rips [12]. 

The post-centrifugation supernatants were directly in- 
jected into a liquid chromotograph under a volume of 20 yl. 
A Beckman pump was used with a reverse-phase Ultras- 
phere C 18 column (15 cm length, 5 wm particle size). Elec- 
trochemical detection was performed with a Metrohm 641 
detector. 
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TABLE 1 


BRAIN MONOAMINE AND METABOLITE LEVELS IN THE 
HYPOTHALAMUS OF OBESE AND LEAN ZUCKER RATS FROM 
DIFFERENT AGES 


TABLE 2 


BRAIN MONOAMINE AND METABOLITE LEVELS IN THE 
HIPPOCAMPUS OF OBESE AND LEAN ZUCKER RATS FROM 
DIFFERENT AGES 





Weeks NE DA 5-HT 5-HIAA Weeks NE 5-HT 5-HIAA 





- sa 397 + 21 519 + 34 L 319 + 11 303 + 13 


QO nS? 
1297 + 


450 + 17 528 + 16 O = 6 285 + 
+ 22 21 + 341 


1224 + + 17 
1187 + + 30 


1304 + 
1274 + 


1561 + 161 
§ 








Means (ng/g wet weight) +S.E.M. (n=8). 

*p<0.05; tp<0.01; $p<0.001 phenotype effect by Student's f-test. 
§p<0.01; 4p<0.001 age effect by analysis of variance. 

L=lean. 

O=obese. 


Means (ng/g wet weight) +S.E.M. (n=8). 

*p<0.05; tp<0.01 phenotype effect by Student's /-test. 
§p<0.05; p<0.001 age effect of analysis of variance. 
L=lean. 

O=obese. 


TABLE 3 


BRAIN MONOAMINE AND METABOLITE LEVELS IN THE STRIATUM OF OBESE AND 
LEAN ZUCKER RATS FROM DIFFERENT AGES 





Weeks 


DOPAC 


HVA 


5-HT 


5-HIAA 





L 


873 + 57 


973 + 86 
1047 + 55 


863 + 39 
1024 + 34 


911 + 67 
873 + 94 


795 + 84 


469 + 27 


456 + 32 


591 + 98 
t 
430 + 17 


554 + 18 
t 

389 + 22 

628 + 67 
” 


472 + 27 


406 + 17 


398 + 16 
434 


498 


461 
555 


435 
464 + 13 


454 + 14 
657 + 67 


599 + 47 
q 





Means (ng/g wet weight) +S.E.M. (n=8). 


*p<0.05; tp<0.01; $p<0.001 phenotype effect by Student’s r-test. 


{p<0.001 age effect by analysis of variance. 


L=lean. 
O=obese. 
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TABLE 4 


BRAIN MONOAMINE AND METABOLITE LEVELS IN THE CORTEX OF OBESE AND 
LEAN ZUCKER RATS FROM DIFFERENT AGES 





Weeks DA 


DOPAC 


HVA 5-HT 5-HIAA 





L 250 + 19 


303 + 9 
316 + II 


347 + 37 
312+ 9 


352+ 8 
378 + Il 


327+ 9 
420 + 31 


31 9 415 + 24 


€ € 


201 + 10 176+ 8 


224 


I+ 


+ — + 


i+ + I+ 


* I+ 


\+ 





Means (ng/g wet weight) +S.E.M. (n=8). 


*p<0.05; tp<0.01; $p<0.001 phenotype effect by Student’s /-test. 
§p<0.01; §p<0.001 age effect by analysis of variance. 


L=lean. 
O=obese. 


The mobile phase (flow rate 1 ml/mn) consisted of a mix- 
ture of water-methanol (90:10) containing | mM EDTA, 0.1 M 
KH,PO, and 5 mM heptane sulfonic acid (PIC B 7,Waters). 
The mixture was brought to pH 3.8 by addition of KOH. 


We could separate norepinephrine (NE), dopamine (DA), 
dihydroxyphenylacetic acid (DOPAC), homovanillic acid 
(HVA), serotonin (5-HT) and 5-hydroxyindolacetic acid (5- 
HIAA). The concentration of each compound was deter- 
mined by comparing the heights of the respective peaks with 
those obtained from a standard mixture of all these com- 
pounds in a known concentration. 


RESULTS 


Two kinds of variations were distinguished throughout 
this study: differences in monoamine levels with age in obese 
and lean rats (age effect) and differences between lean and 
obese rats at each age (phenotype effect). 


Age Effect 


In both lean and obese rats, the levels of most 
monoamines and their metabolites increased with age in all 
areas studied. 

Analysis of variance showed in the hypothalamus an in- 
crease of NE levels, F(3,57)=5.07, p<0.01, of DA levels, 
F(3,57)=32.49, p<0.001, of S-HIAA, F(3,59)=21.74, 
p<0.001 and of 5-HT, F(3,56)=47.78, p<0.001 (Table 1). 

In the hippocampus, the levels of NE increased with age, 
F(3,59)= 12.48, p<0.001, as well as the levels of DA, 
F(3,59)=3.44, p<0.05, of 5-HIAA, F(3,59)=21.74, p<0.001 
and of 5-HT, F(3,56)=47.78, p<0.001 (Table 2). 

We found in the striatum, an increase in DA levels, 
F(3,59)= 17.56, p<0.001, of 5S-HIAA levels, F(3,59)=8.09, 
p<0.001 and 5-HT levels, F(3,59)=67.61, p<0.001 
(Table 3). 


In the cortex, all the studied compounds showed levels 
increasing with age: F(3,59)=19.16, p<0.001 for NE; 
F(3,57)=14.14, p<0.001 for DOPAC; F(3,57)=14.68, 
p<0.001 for DA; F(3,57)=4.83, p<0.01 for 5-HIAA; 
F(3,57)= 13.67, p<0.001 for HVA and F(3,57)=29.19, 
p<0.001 for 5-HT (Table 4). 


Phenotype Effect 


Five weeks of age. No difference appeared at this age 
between lean and obese rats in any brain area and for any 
transmitter. 

Eight weeks of age. A reduction of 5-HIAA was found in 
the hypothalamus of obese rats (p<0.01). In the striatum, the 
levels of HVA, 5-HT and 5-HIAA were less in obese rats 
(p <0.001 for HVA and 5-HIAA and p<0.01 for 5-HT). The 
levels of DOPAC, HVA and 5-HIAA were lower in the cor- 
tex of obese rats (p<0.05, p<0.01 and p<0.001, respec- 
tively) (Tables 1 to 4). 

Twelve weeks of age. The reduction of HVA levels in the 
striatum and of HVA and DOPAC in the cortex of obese rats 
persisted at this age. The lower levels of 5-HIAA in the 
hypothalamus, striatum and cortex and of 5-HT in the 
striatum observed in 8-week old obese rats, were no longer 
found at 12 weeks of age (Tables | to 4). 

Sixteen weeks of age. The decreases of HVA levels in the 
striatum and of HVA and DOPAC in the cortex of obese 
animals were evident again at 16 weeks. New differences 
appeared at this age: an increase of DA (p<0.05) and 5-HT 
(p<0.01) levels in the hypothalamus and a reduction of NE 
(p <0.05) and 5-HIAA (p<0.01) levels in the hippocampus of 
obese rats (Tables | to 4). 


DISCUSSION 


No study has previously focused on the differences in 
monoamines between lean and obese female rats at the time 
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that obesity develops. Previous data [2,3] partly extended by 
Levin and Sullivan [10], have shown higher NE and DA 
levels in 7-month old by comparison with 2-month old male 
Zucker rats; no significant difference was found by these 
authors between 4-month and 7-month old females, while we 
found increasing NE and DA levels with age in females. This 
discrepancy may be explained by differences in the methods 
of analysis. We used the same method for all animals at each 
age, while Levin and Sullivan [10] compared their results on 
7-month old rats to those of Cruce et al. [2,3] on 2-month and 
4-month old animals. Both authors used different methods of 
analysis. Furthermore, a ‘‘steady state’’ in amine level de- 
velopment could be reached by four months of age. We 
could not evaluate this hypothesis as we stopped our investi- 
gations at this age. 

Similarly, no study of the levels of S-HT and 5-HIAA as a 
function of age was found in the literature. We observed an 
augmentation of 5-HT and 5-HIAA levels with increasing age 
which paralleled an increase in CA. 

No difference was found between lean and obese rats at 5 
weeks of age, though the animals could be morphologically 
distinguished. This may mean that the initial development of 
obesity precedes monoamine alterations and can directly or 
indirectly induce them. Other disturbances have been de- 
scribed to occur earlier. For example, the greater sensitivity 
to naloxone [11], hyperinsulinemia [17] and hyperactivity of 
the lipoprotein lipase [8] of obese rats. 

At 8 weeks of age, a time of marked hyperphagia [5], we 
noticed a reduction of the 5-HT metabolite, 5-HIAA in the 
hypothalamus, the striatum and the cortex of obese animals, 
indicating a slowing of 5-HT metabolism in these regions. 
This may be related to the role of 5-HT as a satiety factor 
[1,9]. This difference was not found again at older ages when 
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the food intake becomes nearly the same in obese and in lean 
rats [5]. 

The main difference observed in obese rats was the lower 
level of DA metabolites in the striatum and in the cortex. 
This difference appeared at 8 weeks and persisted to 16 
weeks. At this age, a decrease of NE and 5-HIAA levels 
appeared in the hippocampus, while an increase of 5-HT 
occurred in the hypothalamus. These data are not likely to be 
related to disturbances in food intake, but rather to other 
behavioral components. 

The 5-HT results can only be partially compared to those 
of Finkelstein et a/. [6] for two reasons: these authors com- 
pared male lean and obese rats and their study was per- 
formed at 13 weeks of age. They showed decreases of 5-HT 
in the mesencephalon and of 5-HIAA in the diencephalon, 
without any modification in the hypothalamus, the hip- 
pocampus or the striatum. It must be noted that our data at 
12 weeks of age are in agreement with these authors in the 
last three areas, where we did not find any significant differ- 
ences. 

In conclusion, disturbances in brain monoamines are not 
responsible for the development of genetic obesity. This 
process is more likely to involve metabolic or endocrine 
functions. These data, nevertheless, are interesting as the 
observed differences in monoamines between lean and obese 
rats parallel different steps of the development of obesity. 
The differences in 5-HT and 5-HIAA levels only at 8 weeks 
are directly related to a disturbed food intake at this stage. 
The alterations of the DA metabolites from 8 weeks to older 
ages can be related to a lesser locomotor activity and thus 
may be a consequence of obesity. Although 16 weeks-of-age 
is considered a steady state in the development of obesity, 
older ages should be studied to see whether a steady state is 
also established in monoamine levels. 
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MASON, P. A. AND P. M. MILNER. Temporal characteristics of electrical self-stimulation reward: Fatigue rather than 
adaptation. PHYSIOL BEHAV 36(5)857-860, 1986.—Using a Y-maze preference test paradigm, we examined the temporal 
characteristics of the neural network subserving self-stimulation reward. Rats were given a choice between two pulse trains 
of stimulation, which varied in duration and pulse frequency. The results showed that increasing the pulse frequency 
decreases the duration at which the rewarding effectiveness of brain stimulation reaches an asymptote. The data also 
indicated that when prolonged stimulation is delivered at a high pulse frequency, the initial pulses contribute the most to the 
rewarding effect. Later pulses are affected by the reduced ability of the neurons or synapses to transmit signals along the 
neural network due to fatigue. The data are explained in terms of an improved model of summation involving more than one 


integrator and fatigue. 
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PREVIOUSLY, we reported [18] that there are two inte- 
grators that summate the signals produced by electrical brain 
stimulation. A plausible physiological explanation of sum- 
mation by an integrator is that the output of a synaptic relay 
depends on the amount of neurotransmitter present, which in 
turn depends on both the rate at which the input signal re- 
leases transmitter substance from terminals and the rate at 
which the substance is inactivated or diffuses away. Our data 
implied that the first integrator summates all activity 
produced by the stimulation and has a short time constant 
(approximately 450 msec). Due, most likely, to the charac- 
teristics of the neural network that provides input to the 
second integrator, this integrator preferentially summates 
stimulation delivered at a low pulse frequency and has a long 
time constant (approximately 6.5 sec). 

Accordingly, if rats are presented with high pulse fre- 
quency stimulation of different durations, they should, up to 
1.5 sec, choose the longer duration. Stimulations with dura- 
tions beyond 1.5 sec should be treated as if they were equal. 
However, if the stimulations are delivered at a low pulse 
frequency, then the rats should, up to 20.0 sec, choose the 
longer duration. Stimulations with durations longer than 20.0 
sec should be treated as if they were equal. 

These predictions are opposite to those of the adaptation- 
integration model [6, 8, 9, 15, 20] which predicts that stimu- 
lations of higher magnitude take longer to adapt. Accord- 
ingly, increasing the pulse frequency of the stimulation 
should increase the duration at which the rewarding effec- 





tiveness reaches an asymptote. Deutsch et a/. [7] found such 
results and interpreted them as support for the adaptation- 
integration model. 

However, Gallistel [11] criticized this interpretation by 
Deutsch et al. [7]. Gallistel stated that if the preference for 
one stimulation over another depends solely on the differ- 
ence between the magnitude of the two stimulations, then 
decreasing the magnitude of the two stimulations by an equal 
factor should produce a smaller preference. At a very low 
stimulation magnitude, there would be a diminished ability to 
discriminate between stimulations of different durations. 
This implies that the results found by Deutsch e7 al. [7] were 
not necessarily due to an adaptation effect but perhaps to a 
decrease in the signal to be discriminated. 

The present experiment measured the duration at which 
the rewarding effectiveness of brain stimulation reached an 
asymptote as the pulse frequency was varied. In addition, 
this experiment investigated whether the difference in ob- 
served durations of the asymptote was due to two integrators 
with different time constants, an adaptation effect, or a di- 
minished sensitivity to discriminate between stimulation of 
different durations. 

Although the two integrator model makes opposite pre- 
dictions to those of the adaptation-integration model and fur- 
thermore, would not predict rats to demonstrate poor dis- 
crimination at low pulse frequencies, a control condition was 
used in the second part of the experiment to investigate the 
validity of these predictions. This control condition con- 
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FIG. 1. Preference scores for the test reinforcement as a function of 
pulse frequency and duration of the test reinforcement. A preference 
score of 20 indicates an equal preference for the test and standard 
reinforcements. A: Duration of the standard reinforcement was 1.0 
sec. B: Duration of the standard reinforcement was 4.0 sec. The * 
denotes a significant difference between preference scores at that 
duration of the test reinforcement. C: Duration of the standard rein- 
forcement was 2.0 sec. The * denotes that the preference score was 
significantly lower than the highest preference score at that duration 
of the test reinforcement. Vertical bars represent the standard error 
of the mean. 
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sisted of using stimulation delivered at a pulse frequency of 
400 Hz in addition to the 70 and 200 Hz used in the first part 
of this experiment. In the case that the 70 Hz produces too 
low a stimulation magnitude and the rats chose between the 
test and standard reinforcements in a haphazard manner, 
then this behaviour should not be observed at the higher 
pulse frequencies (200 and 400 Hz), which produce greater 
stimulation magnitudes. 


METHOD 
Subjects 


Subjects were male rats of the Long-Evans strain. They 
were housed in individual plastic cages in a colony room with 
food (Purina Rat Lab Chow) and water available ad lib. 
Lights were on in the room from 7:00 a.m. to 7:00 p.m. 


Surgical and Histological Methods 


Subjects weighing 300-350 g at the time of surgery were 
anesthetized with Nembutal (50 mg/kg IP). Bipolar elec- 
trodes (MS-303/1, Plastic Products, Roanoke, VA), made of 
twisted pairs of 250 um stainless steel wire, insulated except 
for the flat cross-sections of their tips, were stereotaxically 
implanted in the right lateral hypothalamic area. With the 
incisor bar of the stereotaxic instrument set at 5.0 mm above 
the interaural line, the implantation coordinates were: 
posterior to bregma 0.5 mm, lateral to the midline 1.6 mm, 
and ventral from the dura 8.3 mm. The electrodes were per- 
manently anchored to the cranium with jeweler’s screws and 
dental cement. After testing, standard histological techniques 
were performed to identify the site of the electrode tip [19]. 


Procedure 


The Y-maze apparatus and training procedure have been 
described elsewhere [7, 17, 18]. In the first part of this experi- 
ment, rats were required to choose between a standard rein- 
forcement and a test reinforcement. In order to prevent a 
ceiling effect, the standard reinforcement was either 1.0 
(n=4) or 4.0 (n=5) sec in duration. When the duration of the 
standard reinforcement was 1.0 sec, the durations of the test 
reinforcements were 0.25, 0.55, 1.52, 2.52, 3.52, or 5.52 sec. 
When the duration of the standard reinforcement was 4.0 
sec, the durations of the test reinforcements were 0.95, 2.52, 
4.52, 6.52, or 8.52 sec. The reset reinforcement was 1.0 sec 
in duration. For any one experimental condition, the pulse 
frequencies for the reset, standard, and test reinforcements 
were equal. The pulse frequencies were either 70 or 200 Hz. 
The pulses were cathodal and 0.10 msec in duration. 

In the second part of this experiment, eight rats chose 
between a standard reinforcement, which was 2.0 sec in du- 
ration, and a test reinforcement. The durations of the test 
reinforcements were 0.55, 0.80, 1.10, 2.0, or 5.0 sec. The 
reset reinforcement was 1.0 sec in duration. For any one 
experimental condition, the pulse frequencies for the reset, 
standard, and test reinforcements were equal. The pulse fre- 
quencies were 70, 200 or 400 Hz. Throughout the experi- 
ments, the current intensity remained constant for each rat. 


RESULTS 


The results showed that increasing the pulse frequency 
decreased the duration at which the rewarding effectiveness 
of brain stimulation reached an asymptote. 

In the first part, there were two durations of the standard 
reinforcement. At each of these durations, a two-way, two 
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repeated measures analysis of variance (ANOVA) revealed a 
significant interaction between duration of test reinforce- 
ment and pulse frequency of reinforcements. When the du- 
rations of the standard reinforcement were 1.0 and 4.0 sec, 
the F values were the following: 1.0 sec, F(5,15)=5.74, 
p<0.005, and 4.0 sec, F(4,16)=4.70, p<0.01. Therefore, a 
Newman-Keuls post hoc test with the error term corrected 
for repeated measures was performed to examine the data at 
each duration of the standard reinforcement. 

When the duration of the standard reinforcement was 1.0 
sec and the pulse frequency was 70 Hz, the preference 
scores at the duration of either 0.25 or 0.55 sec were signifi- 
cantly lower than the preference scores at all durations 
greater than 1.52 sec (p<0.05) (see Fig. 1A). When the pulse 
frequency was 200 Hz, the preference score at the shortest 
duration (0.25 sec) was significantly lower than the prefer- 
ence score at a duration of 3.52 sec. 

When the standard reinforcement was 4.0 sec in duration 
and the pulse frequency was 70 Hz, the preference score at 
the shortest duration (0.95 sec) was significantly lower than 
the preference scores at all other durations (p<0.05) (see 
Fig. 1B). When the pulse frequency was 200 Hz, there were 
no significant differences between the preference scores. 

In the second part of this experiment, a two-way, two 
repeated measures ANOVA revealed a significant interac- 
tion between duration of test reinforcement and pulse fre- 
quency of reinforcements, F(8.56)=8.17, »<0.00001. There- 
fore, a Newman-Keuls post hoc test with the error term 
corrected for repeated measures was performed to examine 
the data. 

When the reinforcements were delivered with a 70 Hz 
pulse frequency, the preference scores at the shorter dura- 
tions of the test reinforcement (0.55 and 0.80 sec) were signif- 
icantly lower than the preference score when the duration of 
the test reinforcement was 2.0 sec (9 <0.05) (see Fig. 1C). In 
addition, there was a significant increase in the preference 
scores upon increasing the duration of the test reinforcement 
from 2.0 to 5.0 sec. The preference score at 5.0 sec was 
significantly greater than that at 1.10 sec. When the rein- 
forcements were delivered with a 200 Hz pulse frequency, 
the preference scores at the shorter durations of the test 
reinforcement (0.55 and 0.80 sec) were significantly lower 
than the preference scores at the longer durations (2.0 and 
5.0 sec). The preference score at 5.0 sec was significantly 
greater than that at 1.10 sec. When the reinforcements were 
delivered with a 400 Hz pulse frequency, the preference 
score at the shortest duration (0.55 sec) was significantly 


lower than the preference score at the longest duration (5.0 
sec). 


DISCUSSION 


The data indicated that increasing the pulse frequency 
decreased the duration at which the rewarding effectiveness 
of brain stimulation reached an asymptote. In addition, the 
best discrimination between stimulations of different dura- 
tions occurred at the low pulse frequency (70 Hz). 

The data from the first part of the experiment showed that 
at a high pulse frequency (200 Hz), the rewarding effectiveness 
reached an asymptote at approximately 2.0 sec. However, at 
a low pulse frequency (70 Hz), the rewarding effectiveness 
required a much longer period (>5.0 sec) to reach an 
asymptote. When the standard reinforcement was 1.0 sec in 
duration, it may appear that the rewarding effectiveness of 
the 70 Hz stimulation reached an asymptote at approx- 
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imately 2.50 sec. However, when the standard reinforcement 
was 4.0 sec or 2.0 sec (second part) in duration the data 
indicated that this was due to a ceiling effect. 


The above results elaborate on those of Deutsch ef al. [9]. 
They found that the rewarding effectiveness of brain stimu- 
lation reached an asymptote between 1.0-2.0 sec. Their re- 
sults were obtained using 0.10 msec, cathodal pulse stimula- 
tion delivered at a single pulse frequency of 200 Hz. Their 
data are consistent with the present results when stimulation 
was delivered at 200 Hz. 

However, the present results and those of Atrens et al. [1] 
and Hodos [13] are contrary to those of Deutsch et al. [7], 
Stein [20], and those predicted by the adaptation-integration 
model [6, 8, 9, 15, 20]. In order for the adaptation-integration 
model to account for the discrepancy in the duration at 
which the rewarding effectiveness reaches an asymptote, At- 
rens ef al., Hodos and the present experiment would have 
had to use a stimulation magnitude that was much larger than 
that used by Deutsch et al. [9]. This is because an adaptation 
hypothesis predicts that increasing the stimulation mag- 
nitude increases the duration at which the rewarding effec- 
tiveness of the stimulation reaches an asymptote [7,20]. 
However, the stimulation magnitude used by Atrens et al., 
Hodos and by ourselves was at most equal to that used by 
Deutsch et al. [9]. 

One possible explanation as to why both Deutsch et al. [7] 
and Stein [20] found results in accordance with the 
adaptation-integration model is that, since their rats were 
food deprived, there may have been some unknown interac- 
tion between the food deprivation and the reinforcing prop- 
erties of brain stimulation. 

Th: second part of our experiment redemonstrated that 
increasing the pulse frequency decreased the duration at 
which the rewarding effectiveness of the stimulation reached 
an asymptote. These results are consistent with a two inte- 
grator model and inconsistent with the hypothesis that at a 
low stimulation magnitude there is diminished discrimination 
between stimulations of different durations. This is because 
the best discrimination occurred at the lowest pulse fre- 
quency (70 Hz) where the stimulation is least effective. In 
addition, at all pulse frequencies, the results show that the 
rats preferred the standard reinforcement over the shortest 
test reinforcement. These data indicate that, at the shorter 
durations of the test reinforcement (i.e., low stimulation 
magnitude), the rats were not choosing between the test and 
standard reinforcements in a haphazard manner. 

When the stimulation was delivered with a 400 Hz pulse 
frequency, the rewarding effectiveness of the stimulation 
reached an asymptote between 0.50 and 1.0 sec. These dura- 
tions are shorter than those predicted by the time constant of 
the first integrator. In order to account for these data, there 
must be another factor that influences the duration at which 
the rewarding effectiveness of brain stimulation reaches an 
asymptote. The most likely factor would be fatigue. When 
the neural network is becoming fatigued, each additional 
pulse contributes less to the rewarding effectiveness of the 
stimulation. When the durations of the stimulations are be- 
yond the duration at which the neural network fatigues, the 
animal treats the stimulations equally. 

This additional factor to the two integrator model is based 
on inverting the principles behind the adaptation-integration 
model. Instead of the neural network adapting, its fatigues. 
This model predicts that increasing the pulse frequency of 
the stimulation increases the rate at which the neural net- 
work fatigues. Therefore, the stronger stimulus will remain 





860 


rewarding for a shorter amount of time. When the neural 
network does not fatigue, there is normal summation by the 
integrators. 

Support for a fatigue explanation comes from Gallistel’s 
[10] data. These data showed that at long durations of the 
stimulation, the lower pulse frequencies (<100 Hz) were 
more effective than high pulse frequencies (>100 Hz) in 
maintaining a given running speed. Accordingly, Gallistel 
showed that the duration at which the stimulation effective- 
ness decreased was a function of the pulse frequency. When 
the pulse frequency was 400 Hz, 0.10 sec was required for 
the stimulation effectiveness to decrease, whereas when the 
stimulation was delivered with a 200 Hz pulse frequency, 1.0 
sec was required. 

Dennis [4] and Dennis et al. [5] have speculated as to the 
nature of a fatigue mechanism. They suggested that a fatigue 
effect may be due to a breakdown of normal neural activity. 
Kestenbaum et al. [16] suggest that a breakdown of normal 
neural activity can be caused by a neuronal mechanism. This 
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breakdown could occur in the nerve fiber directly stimulated 
[12] or at the postsynaptic neuron. Synaptic mechanisms 
proposed to explain this breakdown include depletion of 
neural transmitter, depolarization blockade [3], or impair- 
ment of receptor sites due to an overabundance of neuro- 
transmitter [2, 14, 21]. 

In summary, the present experiment elaborates on the 
results of Deutsch er al. [9] demonstrating that increasing 
the pulse frequency decreased the duration at which the re- 
warding effectiveness reached an asymptote. It also showed 
that a fatigue factor may also influence the duration at which 
the rewarding effectiveness of brain stimulation reached an 
asymptote. 
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MASON, P. A. AND P. M. MILNER. Further evidence against adaptation of prolonged electrical self-stimulation 
reward. PHYSIOL BEHAV 36(5) 861-865, 1986.—Using a Y-maze preference test paradigm, we examined the temporal 
characteristics of the neural network subserving self-stimulation reward. The first part of the experiment demonstrated that 
when prolonged electrical brain stimulation is initially delivered with a low pulse frequency (100 Hz), rats prefer an increase 
over either a decrease or no change in the pulse frequency of subsequent stimulation. However, the second part showed 
that when prolonged brain stimulation is initially delivered with a high pulse frequency (250 Hz), an increase is not 
preferred. The data are inconsistent with an adaptation model of summation. These results are explained in terms of an 
improved model of summation involving two integrators and fatigue. 
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PREVIOUSLY, we reported [14] that the results of Deutsch 
et al. [10] could be best predicted by a fatigue—two inte- 
gtator model of summation rather than by an adaptation- 
integration model [6, 7, 9, 11, 25]. The present experiment 
elaborates on the methodology used by Deutsch and Haw- 
kins [9] in order to determine whether their results can also 
be explained in terms of the fatigue—two integrator model. 

Deutsch and Hawkins gave their rats a choice between 
increasing the pulse frequency of prolonged stimulation from 
100 to 200 Hz for 1.0 see or either terminating or continuing 
to receive the 100 Hz stimulation. These researchers hy- 
pothesized that an increase in the pulse frequency would 
either increase an aversive component and produce a 
stronger negative.reinforcement or counteract an adaptation 
effect and increase the rewarding effectiveness of the stimu- 
lation. The results showed that the rats usually preferred to 
increase the pulse frequency. The authors concluded that 
these results were consistent with an adaptation-integration 
model and not with a reward-aversion model. This is because 
it would be difficult to explain why a rat would want to 
prolong aversive stimulation. 

According to the fatigue—two integrator model, if the 
pulse frequency is not high enough to fill the reward inte- 
grators to capacity or to fatigue the reward-relevant fibers 
prior to increasing the pulse frequency, then doubling the 
pulse frequency would continue to fill the integrators but at a 
faster rate. This increased rate would increase the rewarding 
effectiveness of the prolonged stimulation. Therefore, the 





rats will choose to double the pulse frequency for 1.0 sec. If 
the pulse frequency was initially high and hence filled the 
reward integrators to capacity or fatigued the reward- 
relevant neurons, then doubling the pulse frequency would 
produce an increment in the aversive effectiveness but not in 
the rewarding effectiveness of the stimulation. In this case, 
the rats would not have a preference for the doubled pulse 
frequency. 

Atrens et al. [1] suggested that in the Deutsch and Haw- 
kins experiment, 1.0 sec was too short to increase the aver- 
sive component of brain stimulation. This hypothesis is sup- 
ported by the data of Shizgal and Matthews [23] showing that 
the aversive component summates activity over several sec- 
onds. Therefore, in the present experiment, the doubled 
pulse frequency was delivered for a duration of either 0.50 or 
2.50 sec. At 0.50 sec, there should be a substantial increase 
in the fast rising portion of the reward component, but not in 
the slow rising aversive component. However, at 2.50 sec, 
there should also be an increase in the aversive component 
of brain stimulation. 

By manipulating the pulse frequency and duration of the 
stimulation, this experiment examined why rats terminate 
prolonged brain stimulation. According to the adaptation- 
integration model, the stimulation is terminated because the 
neural network subserving brain stimulation reward has 
adapted. According to the fatigue—two integrator model, the 
stimulation is terminated because either the reward inte- 
grators have filled to an asymptotic level or the reward neural 
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network has fatigued, while an aversive effect is becoming 
stronger. 


METHOD 
Subjects 


Subjects were male rats of the Long-Evans strain. They 
were housed in individual plastic cages in a colony room with 
food (Purina Rat Lab Chow) and water available ad lib. 
Lights were on in the room from 7:00 a.m. to 7:00 p.m. 


Surgical and Histological Methods 


Subjects weighing 300-350 g at the time of surgery were 
anesthetized with Nembutal (50 mg/kg IP). Bipolar elec- 
trodes (MS-303/1, Plastic Products, Roanoke, VA), made of 
twisted pairs of 250 um stainless steel wire, insulated except 
for the flat cross-sections at their tips, were stereotaxically 
implanted in the right lateral hypothalamic (LH) area. With 
the incisor bar of the stereotaxic instrument set at 5.0 mm 
above the interaural line, the implantation coordinates were: 
posterior to bregma 0.5 mm, lateral to the midline 1.6 mm, 
and ventral from the dura 8.3 mm. The electrodes were per- 
manently anchored to the cranium with jeweler’s screws and 
dental cement. After testing, standard histological tech- 
niques were performed to identify the site of the electrode tip 
[16]. 


Procedure 


The Y-maze apparatus and training procedure have been 
described elsewhere [10,12]. Seven rats were required to 
choose between a standard reinforcement, which was either 
3.0 or 5.0 sec in duration, and a test reinforcement. The 
duration of the test reinforcement was always equal to the 
duration of the standard reinforcement. The first 2.50 sec of 
the test reinforcement (which will be referred to as part A) 
always had the same parameters as the standard reinforce- 
ment. The pulse frequency was sometimes changed during 
the remaining 0.50 or 2.50 sec of the test reinforcement 
(which will be referred to as part B). The reset reinforcement 
was 1.0 sec in duration. The pulses were cathodal and 0.10 
msec in duration. Throughout the experiment, the current 
intensity remained constant for each rat. 

In the first part of the experiment, the pulse frequency of 
the standard reinforcement, reset reinforcement, and part A 
of the test reinforcement was 100 Hz. The pulse frequencies 
of part B were 50, 100, or 200 Hz. 

In order to obtain control data on the rats’ abilities to 
discriminate between stimulations of different pulse fre- 
quencies, the rats were required to choose between a stand- 
ard reinforcement, which was delivered with a 100 Hz pulse 
frequency, and a test reinforcement. The test reinforcement 
was delivered with a 50, 100, or 200 Hz pulse frequency. For 
any set of 60 trials, the durations of the standard and test 
reinforcements were equal. The durations of these rein- 
forcements were either 0.50 or 2.50 sec. The reset rein- 
forcement was delivered with a 100 Hz pulse frequency for a 
duration of 1.0 sec. 

In the second part of the experiment, the pulse frequency 
of the standard reinforcement, reset reinforcement, and part 
A of the test reinforcement was 250 Hz. The pulse frequen- 
cies of part B were 125, 250, or 500 Hz. 

In order to obtain control data, the rats were required to 
choose between a standard reinforcement, which was deliv- 
ered with a 250 Hz pulse frequency, and a test reinforce- 
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ment. The test reinforcement was delivered with a 125, 250, 
or 500 Hz pulse frequency. For any set of 60 trials, the dura- 
tions of the standard and test reinforcements were equal. 
The durations of these reinforcements were either 0.50 or 
2.50 sec. The reset reinforcement was delivered with a 250 
Hz pulse frequency for a duration of 1.0 sec. 

The last part of the experiment was to obtain additional 
control data for the first and second parts of this experiment. 
In this last part, the rats were required to choose between a 
standard reinforcement, which was 0.55 sec in duration, and 
no reinforcement. The reset reinforcement was 1.0 sec in 
duration. For any one experimental condition, the pulse fre- 
quencies for the standard and reset reinforcements were 
equal. The pulse frequencies were either 100 or 250 Hz. 


RESULTS 


The results showed that at a low pulse frequency (100 
Hz), the rats preferred a 100% increase in the pulse fre- 
quency over either a decrease or no change in the pulse 
frequency. They showed no such preference at a high pulse 
frequency (250 Hz). 

In the first part of the experiment, a two-way, two re- 
peated measures analysis of variance (ANOVA) failed to 
reveal a significant difference in the preference scores as a 
function of the duration of reinforcements, F(1,6)=0.01, 
p>0.05. There was a significant difference in the preference 
scores as a function of pulse frequency of the reinforce- 
ments, F(2,12)=18.46, p<0.0005. There was no significant 
interaction between duration of reinforcements and pulse 
frequency of reinforcements, F(2,12)=1.39, p>0.05. A 
Newman-Keuls post hoc test with the error term corrected 
for repeated measures showed that increasing the pulse fre- 
quency of the second pulse train of the test reinforcement 
significantly increased the preference scores (p<0.05). De- 
creasing the pulse frequency of the second pulse train of the 
test reinforcement produced mixed results (see Fig. 1A). The 
lower pulse frequency had no effect on the preference score 
at the shorter duration of the second pulse train (0.50 sec). 
However, this pulse frequency decreased the preference 
scores at the longer duration of the second pulse train (2.50 
sec). 

For the control data, a one-way repeated measures 
ANOVA revealed a significant difference in the preference 
scores as a function of the pulse frequency of the test rein- 
forcement, F(5,30)=74.71, p=1x10-*. A Newman-Keuls 
post hoc test failed to reveal a significant difference between 
the preference score of the no reinforcement condition and 
the preference scores of the test reinforcements delivered 
with a 50 Hz pulse frequency (see Fig. 1B). All of these 
preference scores were significantly lower than the prefer- 
ence score of the test reinforcement delivered with a 100 Hz 
pulse frequency (p<0.05). The preference score of the test 
reinforcement delivered with a 100 Hz pulse frequency was 
significantly lower than the preference scores of the test rein- 
forcement delivered with a 200 Hz pulse frequency. In addi- 
tion, the preference score of the test reinforcement delivered 
with a 200 Hz pulse frequency for a duration of 0.50 sec was 
significantly lower than the preference score for the test rein- 
forcement delivered with the same pulse frequency for a 
duration of 2.50 sec. 

In the second part of the experiment, a two-way, two 
repeated measures ANOVA failed to reveal a significant 
difference in the preference scores as a function of duration 
of reinforcements, F(1,6)=0.81, p>0.05, or pulse frequency 
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FIG. 1. A: Preference scores for the test reinforcement as a function 
of pulse frequency and duration of the second pulse train. A prefer- 
ence score of 20 indicates an equal preference for the test and stand- 
ard reinforcements. Pulse frequency of the standard reinforcement 
and the first pulse train of the test reinforcement was 100 Hz. B: 
Preference scores for the test reinforcement as a function of pulse 
frequency and duration of the test reinforcement. Duration of the 
standard reinforcement was equal to that of the test reinforcement. 
Standard reinforcement was delivered with a 100 Hz pulse fre- 
quency. Vertical bars represent the standard error of the mean. 


of reinforcements, F(2,12)=0.11, p>0.05. There was no sig- 
nificant interaction between duration of reinforcements and 
pulse frequency of reinforcements, F(2,12)=0.44, p>0.05 
(see Fig. 2C). 

For the control data, a one-way repeated measures 
ANOVA revealed a significant difference in the preference 
scores as a function of the pulse frequency of the test rein- 
forcement, F(5,15)=29.64, p=1x10-°. A Newman-Keuls 
post hoc test failed to reveal a significant difference between 
the preference score of the no reinforcement condition and 
the preference scores of the test reinforcement delivered 
with a 125 Hz pulse frequency (see Fig. 2D). All of these 
preference scores were significantly lower than the prefer- 
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FIG. 2. C: Preference scores for the test reinforcement as a function 
of pulse frequency and duration of the second pulse train. A prefer- 
ence score of 20 indicates an equal preference for the test and stand- 
ard reinforcements. Pulse frequency of the standard reinforcement 
and the first pulse train of the test reinforcement was 250 Hz. D: 
Preference scores for the test reinforcement as a function of pulse 
frequency and duration of the test reinforcement. Duration of the 
standard reinforcement was equal to that of the test reinforcement. 
Standard reinforcement was delivered with a 250 Hz pulse fre- 
quency. Vertical bars represent the standard error of the mean. 


ence score of the test reinforcement delivered with a 250 Hz 
pulse frequency (p<0.05). In addition, the preference score 
of the test reinforcement delivered with a 250 Hz pulse fre- 
quency was significantly lower than the preference scores of 
the test reinforcement delivered with a 500 Hz pulse fre- 
quency. 


DISCUSSION 


The data showed that the results of Deutsch and Hawkins 
[9] can be explained by the fatigue—two integrator model. 
The results for the first phase of the experiment indicated 
that when the test reinforcement was initially delivered at a 
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low pulse frequency, rats preferred a 100% increase in the 
pulse frequency over a decrease or no change in the pulse 
frequency. 

These results are consistent with those of Deutsch and 
Hawkins [9] and Atrens et al. [1]. Deutsch and Hawkins 
showed that rats prefer to double the pulse frequency over 
either terminating or continuing to receive the same pulse 
frequency (100 Hz). Atrens et al. showed that rats with 
posterior LH electrodes prefer to double the pulse frequency 
over termination of prolonged stimulation (100 Hz). Deutsch 
and Hawkins were cautious about the generality of their re- 
sults and suggested that their interpretations on the summa- 
tion characteristics of brain stimulation may depend on the 
stimulation parameters used. 

By manipulating the stimulation parameters, the second 
part of the present experiment showed the lack of generality 
in the results obtained in the first part. The second part 
showed that when the test reinforcement was initially deliv- 
ered at a high pulse frequency, rats failed to show a prefer- 
ence for a 100% increase in the pulse frequency over continu- 
ing to receive the same pulse frequency. 

It may be argued that the lack of an increment in the 
reward effectiveness of the stimulation upon doubling the 
pulse frequency is a function of the pulse frequencies used. It 
is possible that the rewarding effectiveness of the pulse train 
delivered at 250 Hz is equal to that of the pulse train deliv- 
ered at 500 Hz. Therefore, it would be impossible for a rat to 
distinguish between the two pulse trains. This inability to 
distinguish between stimulations of different pulse frequen- 
cies may be due to some characteristic of the neural net- 
work, such as the rate at which the neurons recover from a 
refractory state. However, the control data indicate other- 
wise. Stimulation delivered at 500 Hz was preferred over 
stimulation delivered at 250 Hz. This shows that the 500 Hz 
pulse train has a greater rewarding effectiveness than the 250 
Hz pulse train, and furthermore, that the rats are able to 
distinguish between stimulations delivered at the two pulse 
frequencies. 

The above results are in agreement with previous re- 
search on the conduction characteristics of the neurons sub- 
serving medial forebrain bundle stimulation reward [21, 22, 
24, 27, 28]. Shenk and Shizgal [20] showed that recovery from 
the refractory stage in the LH is 20% complete 0.66 msec 
after pulse termination. The recovery reaches an asymptote 
between 1.59 msec [20] and 5.0 msec [15]. At intermediate 
interpulse intervals (2.0-25.0 msec), the decay of excitation 
between pulses is small and there is ample time for the axons 
to recover and conduct every pulse. Therefore, a steady re- 
ward effect is produced. 

The present results cannot be accounted for by an 
adaptation-integration model [6, 7, 9, 10, 11, 25]. This model 
predicts that an increase in the pulse frequency would coun- 
teract an adaptation effect and increase the rewarding effec- 
tiveness of the prolonged stimulation. This did not occur 
when the pulse frequency was increased from 250 to 500 Hz. 

The data are consistent with the fatigue—two integrator 
model. When the test stimulation was initially delivered at a 
low pulse frequency, the reward integrators did not fill to 
capacity and the neural network subserving self-stimulation 
reward did not fatigue prior to doubling the pulse frequency. 
Increasing the pulse frequency still produced inputs to the 
unfilled integrators, but at a faster rate. This increased rate 
produced an increase in the rewarding effectiveness of the 
stimulation. 

However, when the test stimulation was initially deliv- 
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ered at a high pulse frequency, the reward integrators filled 
to capacity or the reward neural network fatigued prior to 
doubling the pulse frequency. Therefore, increasing the 
pulse frequency failed to increase the rewarding effective- 
ness of the stimulation. Support for this hypothesis comes 
from previous research [14] showing that the rewarding ef- 
fectiveness of stimulation delivered at 200 Hz reached an 
asymptotic value at approximately 2.0 sec. Since the dura- 
tion of the first pulse train in the present experiment was 2.5 
sec, this supports the idea that the first integrator has filled to 
capacity prior to increasing the pulse frequency from 250 to 
500 Hz. 


Methodological Interpretations 


The present results failed to show a difference between 
the relative rewarding effectiveness of a 50 Hz pulse train 
and no reinforcement when they are both compared to a 100 
Hz standard reinforcement. This indicates that when a 50 Hz 
pulse train is compared to a 100 Hz pulse train, rats choose 
the former pulse train mostly out of curiosity. This is con- 
cluded because the 50 Hz pulse train is chosen the same 
amount as the no reinforcement condition, which has no 
obvious rewarding effect. The low preference for either the 
50 Hz pulse train or no reinforcement as compared to the 
preference for the 100 Hz pulse train would not have oc- 
curred if an extremely strong side bias was influencing the 
results. A strong side bias should have made the preferences 
for the 50 Hz pulse train and no reinforcement equal to the 
preference for the 100 Hz pulse train. This is because the rat 
would not have switched goal arms when the stimulations 
being delivered to the two goal arms were switched. 

The data also showed that the relative rewarding effec- 
tiveness of a 125 Hz pulse train was greater than that for no 
reinforcement when both were compared to a 250 Hz stand- 
ard reinforcement. These results indicate that the 125 Hz 
pulse train was chosen not solely on the basis of curiosity, 
but also for its rewarding effect. Thus, these data from the 
various pulse frequencies show evidence against the occur- 
rence of strong side bias or stereotypical choosing in this 
experiment. 

These results showing evidence against the occurrence of 
a strong side bias are inconsistent with the rationale which 
Atrens et al. [1] gave for using a forcing procedure to obtain 
data on the summation characteristics of the neural networks 
subserving brain stimulation reward and aversion. They 
claimed that a forcing procedure wuuld eliminate interpreta- 
tion difficulties that can arise from the development of side 
bias or stereotyped choosing in the Y-maze preference test. 

By using a forcing procedure, Atrens ef al. may have 
created new interpretation difficulties. Dember and Fowler 
[3] compared the number of spontaneous alternations be- 
tween a forced trial method and a free-choice method. They 
found a greater number of spontaneous alternations follow- 
ing forced trials. This occurred even when the intertrial 
interval was 16 min. It appears that when a goal arm is 
blocked on one trial and not on the next, that arm is much 
more interesting to the animal. Therefore, due to a high level 
of curiosity, the animal will enter that goal arm. 

The present results also give rise to a perplexing point. 
Although the fatigue—two integrator model predicts the 
buildup of an aversive component, increasing either the 
pulse frequency or duration of the second pulse train failed 
to decrease the preference scores of the test reinforcement. 
Increasing the pulse frequency should decrease the prefer- 
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ence for the prolonged stimulation as compared to that for 
stimulation being delivered at a constant pulse frequency. 
This is because the prolonged stimulation delivered at the 
higher pulse frequency will have a higher density and, there- 
fore, be more aversive [13, 19, 23]. 

There are several possible explanations as to why the 
preference scores did not decrease. The first is that although 
the stimulation was delivered for up to 5.0 sec, it failed to 
produce an aversive effect. Secondly, the aversive buildup 
occurred, but the rats did not perceive the contingency be- 
tween the pressing of the lever and the slowly rising aversive 
effect [13,26]. Thirdly, the behavioural paradigm used may 
be incapable of revealing an aversive effect. Our Y-maze 
preference test paradigm examines choice and not the la- 
tency to initiate stimulation. Therefore, this paradigm can 
not show possible hesitations with which rats respond to 
receive stimulation that eventually produces an aversive 
momentary incentive value. Fourthly, although the buildup 
in the aversive system was large after 5.0 sec, the total initial 
rewarding effect was greater and, thus the cumulative incen- 
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tive value was positive [1]. Fifthly, the high pulse frequency 
which causes the rewarding system to fatigue also causes the 
aversive system to fatigue [4,8]. Sixthly, high pulse frequen- 
cies activate inhibitory neurons which act specifically on the 
neurons subserving the aversive effect [2, 4, 5, 8, 17, 18]. 
Which of these explanations, if any, is correct requires 
further research. 

In summary, the present experiment demonstrated that 
the results of Deutsch and Hawkins [9], as well as those of 
Atrens et al. [1] should be explained in terms of the 
fatigue—two integrator model rather than the adaptation- 
integration model. In additiun, possible explanations as to 
why the results failed to reveal the influence of an aversive 
component of prolonged brain stimulation are provided. 
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STODDARD, S. L., V. K. BERGDALL, D. W. TOWNSEND AND B. E. LEVIN. Plasma catecholamines associated 
with hypothalamically-elicited defense behavior. PHYSIOL BEHAV 36(5) 867-873, 1986.—Sympatho-adrenal (SA) 
activation was determined by measuring levels of norepinephrine (NE) and epinephrine (E) in bilateral adrenal venous and 
peripheral venous plasma of 20 anesthetized cats following stimulation of medial hypothalamic sites. Hypothalamic sites 
were selected that elicited affective defense behavior in the freely moving cat. Fifty-eight percent of these hypothalamic 
sites elicited a bilateral increase =10 ng/min in the output of both adrenal catecholamines (CAs); these increases were 
greater from the gland ipsilateral to the side of stimulation. Other SA responses included both preferential increases or 
decreases in either NE or E. Under baseline conditions, an average of 67% of the NE in the peripheral venous plasma was 
contributed by the sympathetic noradrenergic nerves; hypothalamic stimulation at ‘‘defense’’ sites increased the contribu- 
tion to 75%. The data suggest that hypothalamic regions that elicit defense behavior may overlap with regions that activate 


the adrenal medullary and sympathetic nervous systems. 


Cat Defense behavior 
Norepinephrine 


Hypothalamic stimulation 
Epinephrine Sympathetic nerves 


Adrenal vein Plasma catecholamines 





AFFECTIVE defense behavior (pupillary dilatation, 
piloerection, growling and hissing) is one of several aggres- 
sive behaviors that can be elicited by stimulation of specific 
regions in the hypothalamus of the cat [12,44]. Other aggres- 
sive behaviors include flight [14,36] and predatory, or 
quiet-biting, attack [38,44]. Since hypothalamically-elicited 
aggression is empirically similar to the naturally-occurring 
behavior [25], it has been used as a model to investigate 
neural structures that modulate emotional behavior [1, 27, 
29, 38, 40]. Little, however, has been reported concerning 
the peripheral physiological correlates of these centrally- 
elicited behaviors. Cannon’s report [5] that the ‘‘fight or 
flight’’ response is accompanied by sympatho-adrenal ac- 
tivation suggests that measurement of sympatho-adrenal 
(SA) parameters, (activation of the adrenal medulla and the 
sympathetic noradrenergic nerves) would be a meaningful 
approach to evaluating some of the physiological responses 
that are concomitants of centrally-elicited aggressive behav- 
ior. 

Previous investigations have used hypothalamic stimula- 
tion in cats and dogs to study output from the adrenal 
medulla [3, 10, 11, 15, 16, 30, 34, 35] or sympathetic nervous 





activity [21]. In general, these studies used an exclusively 
anatomical approach, mapping the hypothalamus for areas 
which activated the SA system. Although this work has con- 
tributed much to our understanding of the central anatomy of 
the autonomic nervous system, it was not the purpose of 
these studies to correlate behaviors related to particular hy- 
pothalamic regions with coincident SA activation. Addi- 
tionally, a number of these studies were done before the 
advent of sensitive assays for catecholamines (CAs). Thus 
bioassay techniques were used to quantify the output of ad- 
renal CAs, and adrenal venous blood was collected over 
several minutes. Since the half-lives of adrenal CAs are quite 
short (1-2 min for E and 2.5—4 min for NE) [2, 23, 45], this 
extended sampling period, combined with an assay proce- 
dure that is less sensitive than current methodologies, has 
been unable to yield information about the hypothalamic 
control of minute-to-minute changes in adrenal medullary 
activity. 

The present study was undertaken as an initial step in 
correlating hypothalamically-mediated behavior with con- 
comitant SA activation. Hypothalamic sites were identified 
which elicited affective defense behavior in the awake, freely 


‘Requests for reprints should be addressed to Dr. S. L. Stoddard, Indiana Univ. School of Medicine, 2101 Coliseum Blvd. E., Fort 


Wayne, IN 46805. 





868 


moving cat. These behaviorally identified sites were subse- 
quently stimulated and blood samples were collected from 
both adrenal and peripheral veins. Measurement of CA 
levels in these samples was used to differentiate adrenal 
medullary from sympathetic neural components of the SA 
response. Heart rate and blood pressure were continuously 
monitored to permit comparison between the activity of the 
SA and cardiovascular (CV) systems. Preliminary results of 
this study have previously been reported in abstract form [39]. 


METHOD 
Elicitation of Aggressive Behavior 


Twenty adult cats (16 females and 4 males; mean BW=2.5 
kg) were used in this study. During aseptic surgery, elec- 
trode guides were stereotaxically mounted on the skull over- 
lying the medial hypothalamus (anterior: 9.0-12.5; lateral: 
1.0-2.5). Additionally, a series of bolts was anchored to the 
skull for the purpose of securing the cat in a headholder 
during electrode placement and brain stimulation [28,29]. 

At least one week after stereotaxic surgery, the awake, 
unanesthetized animal was restrained in the headholder; cal- 
ibrated, monopolar, stainless steel electrodes, 0.6 mm in di- 
ameter and bared at the tip for 0.5 mm, were lowered 
through the guides in 0.25 mm steps until stimulation of the 
hypothalamus elicited a hiss [40]. Each hypothalamic site 
was stimulated (Grass S88) at 60 Hz with biphasic, square 
wave pulses of 1 msec half-cycle duration. To approximate 
constant current conditions the constant voltage output of 
the stimulator was led through two stimulus isolation units 
(Grass SIUS) and a pair of 40,000 ohm resistors placed in 
series with the leads to the cat, and was monitored with an 
oscilloscope. 

The following day, the behavior elicited by stimulation of 
each electrode was evaluated by placing the experimental cat 
and a ‘‘target’’ cat in an observation box. Electrodes were 
selected that elicited affective defense behavior: hissing, 
pupillary dilatation, retraction of the ears, and piloerection. 
The stimulated cat fixed its gaze on the target cat and either 
backed into a corner or struck with its paw at the target cat. 
The intensity of stimulation which reliably elicited affective 
defense within 10 sec was defined as the ‘‘behavioral inten- 
sity,’ and ranged from 0.2-0.8 mA (peak-to-peak). 


Cannulation Procedure 


The following day the animal was anesthetized with 
sodium pentobarbital (47 mg/kg). Cannulae were placed in 
the femoral artery for the continuous monitoring of heart rate 
(HR) and mean arterial pressure (MAP), and in the atrial 
appendage through the left external jugular vein for the with- 
drawal of peripheral blood samples. Additionally both ad- 
renolumbar veins [26] were exposed through a mid-ventral 
abdominal incision and directly cannulated with PE 90. (In 
the cat the adrenal vein exits from the hilus of the adrenal 
gland and joins with the adrenolumbar vein, which passes 
over the adrenal gland, draining the posterior body wall and 
adrenal vein. The adrenolumbar vein joins the inferior vena 
cava on the right and either the renal vein or inferior vena 
cava on the left. There is no ‘‘adrenolumbar’’ vein in the 
human; rather this vessel is termed the adrenal vein.) In five 
of the 20 cats only the adrenolumbar vein ipsilateral to the 
side of hypothalamic stimulation was cannulated; the con- 
tralateral adrenolumbar vein was ligated at the junction with 
the inferior vena cava. The body temperature was monitored 
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FIG. 1. Composite map of stimulation sites in the hypothalamus 
which elicited defense in the freely moving cat. Sites are plotted on 
drawings of coronal sections from the atlas of Jasper and Ajmone- 
Marsan [17]. Symbols indicate the type of adrenal medullary re- 
sponse elicited by stimulation of each site at the behavioral inten- 
sity. Changes in NE output are on the left of each drawing; changes 
in E are on the right. Shaded circle: increase in CA output =10 
ng/min; clear circle: increase in CA output =0 but <10 ng/min; circle 
with dots: decrease in CA output. Each circle is divided into halves: 
the left half shows the response from the adrenal gland ipsilateral to 
the side of hypothalamic stimulation; the right half shows the re- 
sponse from the contralateral adrenal gland. Half circles show the 
adrenal medullary responses in the 5 cats that had only the ipsilateral 
adrenolumbar vein cannulated (see the Method section). Abbre- 
viations used: AC, anterior commissure; aHd, dorsal hypothalamic 
area; F, fornix; Ha, anterior hypothalamic area; Hdm, dorsomedial 
nucleus; Hp, posterior hypothalamus; Mm, medial mammillary nu- 
cleus; mt, mammillothalamic tract; OC, optic chiasm; OT, optic 
tract; PVH, paraventricular nucleus; SCh, suprachiasmatic nucleus; 
SON, supraoptic nucleus; vm, ventromedial nucleus. 

















and maintained between 101°-102°F with heating pads. Fol- 
lowing the surgical procedures the animal was heparinized 
and allowed to stabilize for at least 30 min before blood 
sampling commenced. 


Collection of Venous Blood Samples 


In the anesthetized animal, each behaviorally identified 
hypothalamic site (N=31) was stimulated for 30 sec at the 
intensity which evoked behavior when awake. For each 
stimulation, continuous sequential blood samples were taken 
concurrently from the adrenolumbar vein(s) and from the 
atrium during four l-min periods: two prior to stimulation 
and two following stimulus onset. Blood was allowed to drip 
from the adrenolumbar cannulae into heparinized tubes kept 
on ice; the volume of each 1-min sample was measured. 
Seventy-one percent of the sites (N=22) were stimulated 
twice: once at the behavioral intensity, and once at a stand- 
ard, higher intensity (0.8 mA). Following each stimulation 
period, the volume of blood collected was replaced with an 
equal volume of Macrodex (dextran 70; Pharmacia). 

At the completion of the experiment, a small lesion was 
made via each electrode (10 wA for 3 min). The animal was 
then sacrificed and perfused; the location of each electrode tip 
was determined through standard histological procedures [41]. 





PLASMA CATECHOLAMINES AND DEFENSE 


Catecholamine Assay 


Plasma was immediately separated after the blood sam- 
ples were drawn, and the proteins precipitated by the addi- 
tion of 20 ul 5 N perchloric acid to each 480 yl plasma. The 
supernatants of a 20,000 g centrifugation for 15 min were 
stored at —70°C until assayed for NE and E within 1-2 
months. NE and E were assayed in 50 yl aliquots of the 
perchloric acid supernatant by a sensitive radioenzymatic 
technique utilizing catechol-O-methyl transferase and 


S-adenosy! methionine [methyl-*H] as a methyl donor [24]. 


Data Analysis 


The adrenal medullary activation which accompanied 
hypothalamically-elicited defense behavior was determined 
by comparing the absolute changes in the output of NE and 
E (ng/min) during the first minute following stimulus onset to 
the baseline mean. CA output was quantified by multiplying 
the level in ng/ml by the blood flow rate (ml/min); this calcu- 
lation was chosen to incorporate observed variations in ad- 
renolumbar venous flow rate. Since the baseline levels of 
CAs were variable both across and within cats, we wished to 
select a parameter for the evaluation of adrenal medullary 
activity that was independent of baseline values. Thus, abso- 
lute changes in CA levels were used rather than percent 
changes since, with the exception of E levels in the ipsilat- 
eral adrenal gland, absolute changes in CAs were not signifi- 
cantly correlated with baseline values. In all cases, however, 
percent changes in CA levels were significantly correlated 
with baseline values. Cardiovascular activation was deter- 
mined by comparing the maximum changes in MAP and HR 
during stimulation to the baseline mean. Correlations be- 
tween sympatho-adrenal and cardiovascular variables were 
evaluated using Spearman’s rank-order correlation coeffi- 
cient; these correlation coefficients were judged to be signif- 
icant if the associated p value was 0.05 or less. 


Peripheral Venous NE 


To determine sympathetic nervous system activity, it was 
necessary to estimate the proportion of NE present in pe- 
ripheral (atrial) blood contributed by the sympathetic norad- 
renergic nerves. E was also present in the peripheral plasma. 
As the primary source of E is the adrenal medulla, we as- 
sumed that a proportion of peripheral NE, also, was con- 
tributed by the adrenal medulla. Since both adrenal veins 
were cannulated or tied off, the amount of E in the peripheral 
plasma relative to that in the bilateral adrenal venous plasma 
was considered to represent that proportion of adrenal CA 
output which had ‘‘leaked’’ from the adrenal medulla into 
the peripheral circulation, perhaps via extra-hilar accessory 
veins, as have been described for humans [20], or via the 
lymphatic system [42]. Extra-adrenal chromaffin cells 
(paraganglia) [32], or accessory adrenal glandular tissue (un- 
published observations) may also have contributed E to the 
peripheral plasma. A proportion of the adrenal NE output 
equal to the proportion of ‘‘leaked’’ E was subtracted from 
the total peripheral NE to yield an estimate of peripheral NE 
which was contributed by the sympathetic noradrenergic 
nerves: Peripheral NE from nerve terminals = Total periph- 
eral NE — ((Peripheral E/Adrenal venous E) x Adrenal ven- 
ous NE). 


RESULTS 
Stimulation of 31 hypothalamic sites elicited affective de- 


TABLE 1 


NUMBER OF HYPOTHALAMIC DEFENSE SITES THAT EVOKED 

VARIED PATTERNS OF INCREASES IN BILATERAL ADRENAL 

CATECHOLAMINE OUTPUT AT BEHAVIORAL (0.2-0.8 mA) AND 
MAXIMAL (0.8 mA) INTENSITIES OF STIMULATION 





Intensity of 
Stimulation 


Behavioral Maximal 


Increases in CA output* (N=24) (N=20) 





Bilateral TNE and E 

Bilateral TE and unilateral TNE 
Bilateral }NE and unilateral TE 
Bilateral TE only 

Bilateral TNE only 

Unilateral TNE and E 
Unilateral TE only 

Unilateral TNE only 


—— = = W A OO 


Ow cooew NU = 





*Increases were defined as changes in CA output >10 ng/min. 


fense behavior in the awake cat. The location of these sites is 
shown in Fig. 1. Effective sites were located within the 
stereotaxic coordinates A 11.0-13.5, lat 0.25-2.0, and in- 
cluded the anterior hypothalamic area, the perifornical area, 
the dorsomedial nucleus, and the ventromedial nucleus. 
For analysis the data were separated into those responses 
elicited by the behavioral intensity of stimulation, which was 
variable, and the uniform maximum stimulation intensity. 


Baseline Adrenal CA Output 


The mean resting secretion of CA from a single adrenal 
gland (N=100) + the standard error of the mean (SEM) was 
104.0+12.3 ng/min for NE and 39.6+13.2 ng/min for E. 
Thus, under baseline conditions, NE formed an average 
(+SEM) of 72.2+2.2% of the total CAs released from the 
adrenal gland (range 12.2—97.7%). 


Activation of the Adrenal Medulla 


Seven hypothalamic sites were stimulated in five cats in 
which only the adrenolumbar vein ipsilateral to the side of 
stimulation was cannulated. The results obtained from stimu- 
lation of these sites (shown in Fig. 1) supported results ob- 
tained from bilateral adrenolumbar cannulations. Therefore, 
since the results from bilateral cannulations were more 
complete, only these data will be discussed below. 

Hypothalamic stimulation at sites that elicited defense 
behavior significantly changed the relative proportions of 
NE and E which comprised the CA output of the adrenal 
medulla. At the behavioral intensity of stimulation NE com- 
prised 58.9+2.8% of the CAs in the plasma sample following 
stimulus onset; at the maximum intensity of stimulation, the 
percentage of NE decreased further to 47.3+3.0%. It should 
be noted that even though hypothalamic stimulation signifi- 
cantly altered the proportion of CAs released by the adrenal 
medulla, the absolute levels of NE were still greater than the 
levels of E following approximately half of all stimulations. 

Various patterns of increases in adrenal CA output were 
seen following stimulation at hypothalamic defense sites 
(Table 1 and Fig. 1). As shown in Table 1, the most frequent 
adrenal response was a bilateral increase (=10 ng/min) in 
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FIG. 2. Composite map showing increases in the level of adjusted 
peripheral NE, suggesting activation of the sympathetic nervous 
component of the SA response, following stimulation of hypotha- 
lamic defense sites. Increases are expressed as percent of baseline 
mean: clear circle: 0-110%; one quarter shaded circle: 111-120%; 
top half shaded circle: 121-130%; three quarter shaded circle: 131- 
145%; shaded circle: > 145%. Responses at the behavioral intensity 
of stimulation (0.2-0.8 mA) are shown on the left of each drawing; 
responses at the maximal intensity of stimulation (0.8 mA) are 
shown on the right. Only stimulations are shown that permitted 
measurement of changes in NE of peripheral origin (see the Method 
section). Abbreviations are the same as for Fig. 1. 
































both NE and E. Within this response type, the mean in- 
creases (+SEM) in adrenal NE and E output were 94.1+15.5 
ng/min and 101.9+14.2 ng/min respectively. 

Adrenal responses were also evaluated by comparing the 
increases in NE output to the increases in E output. Nine 
sites were identified that elicited greater absolute increases 
in NE, while eight other sites elicited greater absolute in- 
creases in E. There was a general pattern to the location of 
these two types of sites. Within the dorsomedial nucleus of 
the hypothalamus twice as many sites (4 vs. 2) evoked in- 
creases in NE greater than the increases in E. Additionally, 
within the ventromedial nucleus of the hypothalamus, sites 
which elicited greater increases in NE were generally located 
ventral to those sites which evoked greater increases in E. 
The exceptions to this were two sites located between the 
dorsolateral border of the ventromedial nucleus and the me- 
dial border of the column of the fornix at A 11.5; these sites 
elicited greater increases in NE. 

Although stimulation of hypothalamic defense sites usu- 
ally increased the output of adrenal CAs, stimulation of some 
sites evoked a decrease in the output of one or both adrenal 
CAs (Fig. 1). At the behavioral intensity of stimulation, a 
decrease in NE occurred bilaterally at 2 sites (Fig. 1: A 11.5 
and 11.0), ipsilaterally at 3 sites (Fig. 1: A 12.5, 11.5, 11.0) 
and contralaterally at | site (Fig. 1: A 13.0). A decrease in E 
output occurred only in the ipsilateral gland following stimu- 
lation of 3 hypothalamic sites (Fig. 1: A 12.5 and 11.5). 

Stimulation of hypothalamic defense sites resulted in 
differences between the CA output of the glands ipsilateral 
and contralateral to the side of stimulation. At behavioral 
intensities of stimulation, the increases in E were signifi- 
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cantly greater from the ipsilateral gland than from the con- 
tralateral gland (mean+SEM=61.6+13.0 ng/min vs. 
42.3+9.6 ng/min, respectively). Similarly, the increases in 
NE from the ipsilateral gland were greater than the con- 
tralateral increases, but the differences were not significant 
(mean+SEM=61.4+15.4 ng/min vs. 36.9+13.3 ng/min, re- 
spectively). This significant difference between ipsilateral 
and contralateral adrenomedullary CA output was also ap- 
parent at the maximum stimulation intensity only for E. 

For all stimulations, the changes in bilateral adrenal NE 
output resulting from hypothalamic stimulation were signifi- 
cantly, but weakly, correlated (r=0.5) with the changes in 
bilateral adrenal E output. 


Activation of the Peripheral Noradrenergic Nerves 


Calculations for adjusted peripheral NE permitted com- 
parisons between baseline and post-stimulation NE levels in 
approximately 60% of the cases (Fig. 2), i.e., trials in which 
the “‘leakage’’ of CAs from the adrenal glands was not so 
great as to obscure any changes in NE from noradrenergic 
nerves. Under baseline conditions the mean amount 
(+SEM) of peripheral NE contributed by sympathetic 
nerves was 66.9+4.4%. Stimulation of hypothalamic defense 
sites at all intensities increased the mean amount of periph- 
eral NE contributed by the sympathetic nerves to 
75.1+2.8%. 

Activation of the sympathetic component of the SA re- 
sponse was arbitrarily defined as levels of adjusted periph- 
eral NE following hypothalamic stimulation greater than 
145% of the baseline mean [35]. Using this criterion, activa- 
tion of the sympathetic nervous (SN) system accompanied 
behavioral stimulation of 30% of the defense sites and maxi- 
mal stimulation of 63% of the sites (Table 2). Generally, in- 
creasing the intensity of stimulation from behavioral to max- 
imal also increased the degree of activation of the SN system 
(compare right and left sides of Fig. 2). SN system activation 
was most often a concomitant of hypothalamically-elicited 
defense when the behavior was elicited by stimulation of the 
ventromedial nucleus (Fig. 2: A 12.0, 11.5 and 11.0) and its 
rostral projections (Fig. 2: A 13.5, 13.0, and 12.5). 


Comparison of SA and CV Parameters 


The mean (+SEM) of the maximal increases in HR and 
MAP during the 30 sec period of hypothalamic stimulation at 
behavioral intensity were 11.4+2.4 beats/min and 9.3+2.3 
mm Hg, respectively. These mean changes in CV parameters 
were relatively small despite the considerable output of CAs. 
The maximal changes in HR and MAP during hypothalamic 
stimulation were tested for correlation with the changes in 
adrenal CA output and adjusted peripheral NE. Stimulation 
at behavioral intensities elicited increases in ipsilateral ad- 
renomedullary E output which were significantly, but 
weakly, correlated (r=0.44) with changes in HR. 


DISCUSSION 


Electrical stimulation of hypothalamic sites which elicited 
affective defense behavior in the freely moving cat also 
evoked a variety of sympatho-adrenal responses. Such var- 
iation has been reported previously following central nerv- 
ous system stimulation both in acute, anesthetized prepara- 
tions [10, 16, 34, 35], and in the awake animal [41]. However, 
the most frequent concomitants of SA activation which ac- 
companied hypothalamically-elicited defense behavior were 





PLASMA CATECHOLAMINES AND DEFENSE 


TABLE 2 


NUMBER OF HYPOTHALAMIC DEFENSE SITES WHICH 
INCREASED THE LEVEL OF ADJUSTED PERIPHERAL NE 
(SUGGESTING SYMPATHETIC NERVOUS SYSTEM ACTIVITY) 
AT BEHAVIORAL (0.2-0.8 mA) AND MAXIMAL (0.8 mA) 
INTENSITIES OF STIMULATION 





Intensity of Stimulation 


Behavioral 
(N=20) 


Maximal 


% Baseline* (N=19) 





100-110 
111-120 
121-130 
131-145 
>145 





*Level of adjusted peripheral NE in the first atrial blood sample 
following the onset of hypothalamic stimulation expressed as per- 
cent of the baseline mean. 


(1) a bilateral increase in the output of adrenal medullary NE 
and E; (2) a significant change in the ratio of CAs released 
from the adrenal medulla; (3) preferential activation of the 
ipsilateral adrenal medulla; and (4) activation of the sympa- 
thetic noradrenergic nerves. 


Adrenal Medullary Component of the SA Response 


Baseline CA output. Adrenal CA output data from the 
present study were converted to ng/kg/min to permit com- 
parison with previous studies that have reported adrenal CA 
output in cats [6, 7, 9, 10, 16, 18, 35]. These studies, which 
employed a variety of anesthetics and CA assay techniques, 
reported CA output from only the left adrenal gland. The 
variations in methodology, anesthetics and assay techniques 
yielded a wide range of average values for baseline CA out- 
put (E: 3.1-63.0 ng/kg/min; NE: 1.4-200.0 ng/kg/min). The 
mean resting levels (+SEM) of bilateral adrenal CA output 
of 41.3+4.8 ng/kg/min for NE and 15.9+5.5 ng/kg/min for E 
obtained in the current study were within the range of values 
reported by other authors. Further, our results were in ac- 
cord with the majority of other investigators that NE is the 
primary CA released from the feline adrenal medulla at rest 
[4, 10, 16, 18, 31, 35]. 

Activation associated with hypothalamically-elicited de- 
fense. Stimulation of hypothalamic sites which elicited de- 
fense behavior also generally elicited increases in both NE 
and E. These results are in partial agreement with previous 
reports. Katsuki ef al. [19] and Briicke et al. [4] found medial 
hypothalamic stimulation in cats to result in marked in- 
creases only in E secretion. More recently Robinson et al. 
[35] found that electrical stimulation in the dorsal hypotha- 
lamic area elicited a significant increase in both adrenal CAs. 

Francke et al. [11] reported that hypothalamic and 
mesencephalic stimulation in cats elicited increases in ad- 
renal CAs that were usually greater in the gland ipsilateral to 
the side of stimulation. Our results concurred with this in 
that stimulation of hypothalamic defense sites elicited a 
mean increase in adrenal E which was significantly greater 
from the ipsilateral gland. The mean increase in ipsilateral 
NE was also greater, although the difference was not signifi- 
cant. 
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In the present study the relative increase (percent above 
baseline) in output of adrenal E was nearly always greater 
than the relative increase in NE. In spite of the differences in 
proportional change of the adrenal CAs, the absolute in- 
crease of NE was greater than that of adrenal E in approx- 
imately half the cases. This response, in addition to the fact 
that NE was the main CA released from the resting adrenal 
in our study, resulted in post-stimulation values of NE that 
were frequently higher than E. Such observations suggest 
that, in the cat, NE is the predominant neurotransmitter and 
neurohumor. 

The question of selective secretion of NE or E from the 
adrenal medulla remains. The difficulty in evaluating others’ 
data arises from the interpretation of the term ‘‘selective”’ 
relative to the release of either of the adrenal CAs. Previous 
reports agree that both peripheral and central stimulation, in 
addition to various physiological and pharmacological stim- 
uli, can alter the ratio of CAs released from the cat’s adrenal 
medulla [6, 9, 16, 18, 31, 34, 35, 37, 43]. Results from the 
current study concur with this; hypothalamic stimulation 
which elicited defense behavior significantly altered the ratio 
of CAs. The difficulty in evaluating a “‘selective’’ increase 
results from the criteria for measuring changes in CA output. 
In the current study, the relative increase in E was nearly 
always greater than that of NE, in large part due to the low 
resting levels of E. However, evaluation of the data in terms 
of absolute increases in CA output revealed that a greater 
output of NE was elicited as frequently as a greater output of 
E. Thus, based on absolute increases in adrenal CAs, the 
present investigation revealed instances of the ‘‘selective”’ 
secretion of each E and NE. Our further observation that the 
increases in output of adrenal NE and E were weakly, but 
significantly, correlated also suggests that there may be par- 
tially independent mechanisms modulating the release of 
these catecholamines. Using a different criterion, the rela- 
tive increase in CA output, Robinson e7 al. [35] also found 
evidence for the ‘‘selective’’ increase in each CA following 
hypothalamic stimulation. 


Sympathetic Nervous Component of the SA Response 


Baseline levels of peripheral NE. Under baseline condi- 
tions, approximately two-thirds of the NE in the peripheral 
plasma was contributed by the sympathetic noradrenergic 
nerves; this was similar to the results in rats that 70% of the 
peripheral NE is overflow from the sympathetic nerve ter- 
minals [22,33]. 

Activation associated with hypothalamically-elicited de- 
fense. Hypothalamic sites which elicited defense behavior 
also effected an overall increase in the activity of the sympa- 
thetic nervous component of the SA response, as determined 
by the adjusted levels of peripheral NE. Stimulation at 
behavioral intensity increased the activity of the SN system 
to 110-145% baseline levels at 37% of the sites, and to more 
than 145% baseline at 30% of the sites. Stimulation at 
maximum intensity caused not only a greater absolute in- 
crease in peripheral NE, but also elevated the activity of the 
SN system to more than 145% baseline at 60% of the sites. 

It was of interest that the sites where stimulation caused 
the greatest activation of the SN system were related to the 
ventromedial nucleus. Stimulation of this hypothalamic re- 
gion reliably elicits affective defense behavior [12]. Further, 
the pathway from the ventromedial nucleus which mediates 
this behavior involves an initial rostral projection that 
synapses in the anteromedial hypothalamus [13]. Compari- 
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son between the anatomical maps presented by Fuchs et al. 
[12,13] and our Fig. 2 suggests that the central system which 
activates the sympathetic nervous component of the SA re- 
sponse is coincident, at least within the hypothalamus, with 
efferent pathways from the ventromedial nucleus. 


Cardiovascular Parameters Associated With 
Hypothalamically-Elicited Defense 


A significant correlation between CV and SA parameters 
was found only between HR and ipsilateral adrenomedullary 
E output. In fact, only relatively minor changes were noted 
in CV parameters compared to the degree of activation of the 
adrenal medullary and sympathetic neural components of the 
SA response. These observations suggest that hypothalamic 
sites which elicit defense behavior do not concomitantly ac- 
tivate the CV and SA systems. The current data support 
previous suggestions [8,41], that there appear to be regions 
in the hypothalamus which differentially activate the 
sympatho-adrenal and the cardiovascular systems. 


CONCLUSIONS 


In the present study, hypothalamically-elicited defense 
behavior was most frequently accompanied by activation of 
both the adrenal medullary and sympathetic nervous com- 
ponents of the SA response. Activation of the sympathetic 
nervous component of the SA response was reflected in in- 
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creased levels of NE in the peripheral plasma; the concom- 
itant cardiovascular measurements did not reliably reflect this 
sympathetic nervous activity. In spite of the anatomical 
spread of hypothalamic sites which elicited defense behav- 
ior, it appears that the central systems which mediate this 
behavior are largely coincident with pathways that activate 
the adrenal medulla, and frequently overlap with areas that 
activate the peripheral noradrenergic nerves. However, be- 
cause defense behavior can be elicited from various hypotha- 
lamic regions, the concomitant SA responses may vary. 
Thus, use of this centrally-elicited behavior as a model for 
aggression or emotional behavior may not be appropriate in 
all cases. 
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KRAMER, E. AND R. J. BODNAR. Age-related decrements in the analgesic response to cold-water swims. PHYSIOL 
BEHAV 36(5) 875-880, 1986.—Among the compromised physiological responses affected by aging is an impaired ability to 
thermoregulate in a cold environment. Since acute exposure to cold-water swims (CWS) produces both analgesic and 
hypothermic responses in young adult rats, the present study examined whether systematic variations in these responses 
occurred as a function of age. Separate cohorts of 4, 9, 14, 19 and 24-month old female rats received a no-swim condition 
and a 2°C swim for 3.5 min with tail-flick latencies, jump thresholds and core body temperature assessed 30, 60 and 90 min 
later. The order of conditions was counterbalanced with an interval of four days between conditions. While the four 
younger cohorts displayed similar CWS analgesia on the tail-flick test, the 24-month cohort failed to display CWS analgesia 
on this measure. Age-related differences in CWS analgesia on the jump test appeared more gradual with the three older 
cohorts displaying significant attenuations relative to the 9-month group, and the oldest cohort displaying significant 
attenuations relative to the 4-month group. In contrast, the hypothermic effect of CWS was significantly potentiated in the 
three oldest cohorts, with a progressive inability to cope with thermoregulation observed as a function of age. The observed 
decrements in the analgesic response to CWS as a function of age appear to represent a change in (a) the ability of the 
animal to perceive the CWS stimulus as stressful (b) an endogenous pain-inhibitory system and/or (c) an endogenous pain 


transmission system that is independent of thermoregulatory mechanisms. 


Aging Stress responses Cold-water swims 


Analgesia 


Hypothermia Rats 





AMONG the physiological changes that occur in young adult 
rats following acute exposure to a continuous cold-water 
swim (CWS=exposure to a 2°C, 3.5 min swim) is a transient 
increase in pain thresholds across a number of nociceptive 
measures [7]. This analgesic response appears to be a conse- 
quence of the stressful properties of the swim, rather than 
the swim itself, since the analgesic, but not the hypothermic 
effects of CWS adapt with repeated daily exposure over 14 
days [9]. The analgesic effects of continuous CWS appear to 
be unrelated to morphine analgesia since CWS analgesia is 
not affected by morphine tolerance or pretreatment with the 
opiate antagonist, naloxone [8,11]. Indeed, the mu-1 opiate 
receptor antagonist, naloxazone [51], potentiates CWS 
analgesia and decreases morphine analgesia [41]. Rather, a 
hormonal, and particularly an adreno-cortical, component 
appears important in the mediation of CWS analgesia since 
this effect is attenuated by hypophysectomy and dex- 
amethasone pretreatment, is potentiated by adrenalectomy 
and corticosteroid synthesis inhibition, and is unchanged by 
adrenal demedullation [5, 15, 32, 43, 46, 47]. The hormonal 
control of CWS analgesia appears to be regulated in turn by 
the hypothalamo-hypophysial axis [1] since CWS analgesia 
is reduced in rats neonatally treated with monosodium 
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glutamate (MSG: [2,4]), which destroys the perikarya of the 
arcuate nucleus and median eminence of the medial-basal 
hypothalamus [49]. 

Whether the above manipulations alter the analgesic re- 
sponse of CWS in young adult rats by changing the percep- 
tion of the stressful properties of the stimulus or by changing 
a nonopioid pain-inhibitory system that mediates this re- 
sponse, is not clear. However, it appears that for CWS 
analgesia to occur in young adult rats, both stress-related 
and pain-inhibitory systems must be intact. The aging proc- 
ess in rodents compromises both nociceptive [17, 33, 39, 48, 
50, 58] and thermoregulatory stress responses [24, 34, 56]. 
Therefore, the present study examined whether the 
nonopiate, neurohormonal analgesia induced by continuous 
CWS varied systematically as a function of age. This as- 
sumes that continuous CWS activates the same nonopiate 
neurohormonal pain control system in all age groups. To this 
end, five cohorts of rats ranging from 4 to 24 months of age 
were tested for CWS analgesia on two nociceptive measures, 
the spinally-mediated tail-flick test which measures reactiv- 
ity to heat [18], and the jump which measures reactivity to 
shock [22]. The use of multiple measures is important given 
that previous studies have reported both reductions [17, 33, 
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58] and increases [39, 48, 50] in basal pain thresholds as a 
function of age. Further, the effects of aging upon CWS 
hypothermia were also assessed to determine whether any 
changes in CWS analgesia reflected an overall shift in all 
responses to CWS or were specific to changes in pain inhibi- 
tion. The hypothermic measure is useful in this regard since 
previous work has shown that while certain manipulations 
alter the analgesic, but not the hypothermic effects of CWS 
(e.g., [5, 9, 12, 13]), other manipulations alter both re- 
sponses (e.g., [2,14]). 


METHOD 
Subjects 


Forty-two female albino Sprague-Dawley rats (Sasco 
Laboratories) served as subjects and were represented 
across the following five age cohorts: 4 (n= 10), 9 (n=10), 14 
(n=8), 19 (n=8) and 24 (n=6) months of age. All animals 
were housed in pairs in wire mesh cages (35 x20 18 cm) and 
were maintained on a 12 hr light:12 hr dark cycle. Purina Rat 
chow and water were available ad lib. Before the beginning 
of testing, all animals in all groups were examined for the 
presence of respiratory problems, abnormal body weight and 
tumor growth. Only animals that were free of these problems 
participated in the study. 


Apparatus and Initial Procedure 


All rats in each group were tested on the tail-flick and 
jump tests between 4 and 8 hr into the light cycle. The 
stimulus source (IITC Company) for the tail-flick test was 
mounted 8 cm above the dorsum and 6 cm proximal to the tip 
of the tail of a lightly restrained animal. The intensity of the 
thermal stimulus was set to produce stable baseline tail-flick 
latencies between 2 and 3 sec. Each tail-flick test session 
consisted of three latency determinations made at 10 sec 
intervals. In order to avoid tissue damage, a trial was auto- 
matically terminated if a response did not occur within 6 sec. 
Immediately following tail-flick latency determinations, the 
rats were placed in a 30 cm by 24 cm chamber with a floor 
consisting of 16 grids. Electric shock was delivered to the 
grids by a shock generator (BRS/LVE) through a shock 
scrambler (Campden Instruments). Using an ascending 
method of limits procedure, the jump threshold was defined 
in mA as the lowest of two consecutive intensities in which 
the animal simultaneously removed both hindpaws from the 
grids. Each trial began with the animal receiving a 300 msec 
footshock at a current intensity of 0.10 mA. Subsequent 
shocks were increased in 0.05 mA increments at 10 sec inter- 
vals until the jump threshold was determined. After each 
trial, the current intensity was reset to 0.10 mA and the 
procedure repeated until six trials were completed. The 
order of tail-flick latency determinations followed by jump 
threshold determinations was employed because it yields 
minimal carry-over effects in baseline testing [40]. Four days 
of stable baseline tail-flick latencies and jump thresholds 
were determined for each rat. 


Protocol 


Following establishment of baseline thresholds, all 
animals were exposed to a no swim condition and a 3.5 min 
swim at a water temperature of 2°C. The order of conditions 
was counterbalanced with an interval of four days between 
conditions. Tail-flick latencies and jump thresholds were as- 
sessed 30, 60 and 120 min following each condition; the time 
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TABLE 1 


AGE-RELATED CHANGES IN THE ANALGESIC EFFECT OF 
COLD-WATER SWIMS (CWS: 2°C, 3.5 MIN) ON THE TAIL-FLICK TEST 





Post-Manipulation Interval (min) 


No Swim 
Group 
(month) 





4 Mean 4.04* 3.46* 
SEM 0. ' ‘ 0.40 0.18 


Mean 4.52* 3.10* 
SEM 0. * ‘ 0.30 0.18 


Mean 3.91*  3.08* 
SEM ; d ’ : 0.32 0.30 


Mean , 3.64* 3.02* 
SEM . , : 0.22 0.12 


Mean 2. : ; 2.34 2.27 
SEM 0. t r 0.19 0.05 0.05 





*Dunnett comparison between corresponding no swim and CWS 
values (p<0.05). 


course was chosen to conform with previous studies in 
young adult rats (e.g., [5, 7, 14]). Core body temperatures 
were measured immediately prior to and at 0, 30, 60 and 120 
min following each of the conditions by inserting the rectal 
probe (5 cm) of a digital thermometer (Bailey Instruments) 
until a stable temperature was determined. The ambient 
temperature in the room during testing was between 22° and 
25°C. 


RESULTS 
CWS Analgesia (Tail-Flick Test) 


Significant differences were observed across age cohorts, 
F(4,37)=11.19, p<0.0001, between the swim and no-swim 
conditions, F(1,37)=195.61, p<0.0001, among test times, 
F(2,74)=38.78, p<0.0001, and for the interactions between 
cohort and swim condition, F(4,37)=7.65, p<0.0001, and 
between swim condition and test time, F(2,74)=33.83, 
p<0.0001). Table 1 indicates that tail-flick latencies follow- 
ing CWS were significantly increased over no-swim latencies 
at 30, 60 and 90 min in the 4-month, 9-month, 14-month and 
19-month groups, but failed to increase significantly in the 
24-month group (Dunnett comparisons, p<0.05). Figure 1 
illustrates the significant reduction in the magnitude of CWS 
analgesia on the tail-flick test in the 24-month group (Dunn 
comparisons, p<0.05). This effect occurred across the 120 
min time course. In contrast, the magnitude of CWS 
analgesia of the other four groups failed to differ from each 
other on the tail-flick test. 


CWS Analgesia (Jump Test) 


Significant differences were observed among cohorts, 
F(4,37)=10.50, p<0.0001, between the no-swim and swim 
conditions, F(1,37)=62.51, p<0.0001, among test times, 
F(2,74)=26.87, p<0.0001, and for the interactions between 
cohort and swim condition, F(4,37)=6.10, p<0.0007, and be- 


tween swim condition and test time, F(2,74)=40.17, 
p<0.0001. Table 2 indicates that jump thresholds following 





AGING AND COLD-WATER SWIM ANALGESIA 


TAIL- FLICK LATENCY DIFFERENCE SCORES 








POST- SWIM - min 

FIG. 1. Age-dependent reduction in the magnitude of cold-water 
swim (CWS: 2°C for 3.5 min) analgesia on the tail-flick test (signifi- 
cant reductions noted are relative to the other four groups, Dunn 
comparisons, p<0.05). In this and all subsequent figures, changes in 
the magnitude of the CWS response are depicted by difference 
scores. The difference scores were calculated by subtracting each 
no-swim data point from each corresponding swim data point (see 
Tables for data). 


CWS were significantly increased over no-swim thresholds 
at 30 and 60 min in the 4-month, 9-month and 14-month 
groups, and at 30 min in the 19-month and 24-month groups 
(Dunnett comparisons, p<0.05). However, since jump 
thresholds in the no-swim condition differed significantly 
among cohorts (Table 2, Dunn comparisons, p<0.05), differ- 
ence scores, calculated by subtracting each no-swim 
threshold from each corresponding swim threshold, were 
derived to analyze for age differences in the magnitude of 
CWS analgesia. Significant differences were observed 
among cohorts, F(4,37)=6.13, p<0.0007, and among test 
times, F(2,74)=40.89, p<0.0001. Figure 2 illustrates the sig- 
nificant reduction in the magnitude of CWS analgesia on the 
jump test in the 14-month (30 min), 19-month and 24-month 
(30 and 60 min) groups relative to the 9-month group, and in 
the 24-month (30 and 90 min) group relative to the 4-month 
group (Dunn comparisons, p<0.05). The magnitude of CWS 
analgesia in the 4-month and 9-month groups and in the 14- 
month, 19-month and 24-month groups respectively failed to 
differ from each other. 


CWS Hypothermia 


Significant differences were observed between the no- 
swim and swim conditions, F(4,37)=676.76, p<0.0001, 
across test times, F(392.59), p<0.0001, and for the interac- 
tions between cohort and swim condition, F(4,37)=2.68, 
p<0.046, between cohort and test time, F(16,148)=3.47, 
p<0.0001, between swim condition and test time, 
F(4,148)=420.03, p<0.0001, and among cohort, swim condi- 
tion and test time, F(16,148)=3.39, p<0.0001. Table 3 indi- 
cates that core body temperatures following CWS were sig- 
nificantly reduced relative to no-swim values across the time 
course for all cohorts (Dunnett comparisons, p<0.05). Fig- 
ure 3 shows that, relative to the 4-month group, the mag- 
nitude of CWS hypothermia was significantly more pro- 
nounced in the 9-month (0, 30 and 60 min), 14-month (60 
min), 19-month (30 and 60 min) and 24-month (30, 60 and 120 


TABLE 2 


AGE-RELATED CHANGES IN THE ANALGESIC EFFECT OF CWS ON 
THE JUMP TEST 





Post-Manipulation Interval (min) 


No Swim 
Group 
(month) 





Mean 
SEM 


0.334* 
0.016 


0.361* 
0.016 


0.289* 
0.016 


0.270* 
0.012 


0.221* 


0.014 


Mean 
SEM 


Mean 
SEM 


Mean 
SEM 


0.186t 
0.015 


Mean 
SEM 





*Dunnett comparison between corresponding no swim, and CWS 
values (p<0.05). 
*+Dunn comparison between age groups (p<0.05). 


3 
: 
; 
: 
: 








POST- SWIM - min 


FIG. 2. Age-dependent reduction in the magnitude of CWS analgesia 
on the jump test (significant reductions noted are relative to the 
4-month (*) or 9-month (**) groups, Dunn comparisons, p<0.05). 


min) groups (Dunn comparisons, p<0.05). Further, relative 
to the 9-month group, the magnitude of CWS hypothermia 
was significantly more pronounced in the 14-month (60 min), 
19-month (30 and 60 min) and 24-month (30 and 60 min) 
groups. Thus, while the older groups displayed less analgesia 
on the tail-flick and jump tests following CWS, they exhib- 
ited enhanced and more prolonged CWS hypothermia. 


DISCUSSION 


The present data indicate that age-dependent declines in 
CWS analgesia were observed on the tail-flick and jump 
tests, though the nature and magnitude of the decreases dif- 
fered slightly between tests. While the magnitude of CWS 
analgesia on the tail-flick test was similar for the 4, 9, 14 and 
19-month groups, tail-flick latencies of the 24-month group 
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TABLE 3 
AGE-RELATED CHANGES IN THE HYPOTHERMIC EFFECT OF CWS 





Post-Manipulation Interval (min) 


No Swim 
Group 


(month) 30 60 





Mean 38.2 38.2 38.3 
SEM 0.1 0.1 0.1 


Mean 38.4 38.5 38.5 
SEM 0.2 0.2 0.2 


Mean 38.1 38.0 38.0 
SEM 0.2 0.1 0.1 


Mean 38.4 38.4 38.4 
SEM 0.2 0.2 0.2 


Mean 38.4 38.4 38.7 
SEM 0.2 0.2 0.2 


31.4* 37.3* 
0.3 ’ x 0.2 


235” 37.0* 
0.7 . : 0.3 


32.0* 37.0* 
0.4 ; : 0.4 


keg 36.9* 
0.5 \ 5 0.7 


30.9* 36.4* 


0.1 0.6 ’ ‘ 0.7 





*Dunnett comparison between corresponding no swim and CWS values (p<0.05). The pre- 
manipulation core temperatures are not shown, but did not differ among groups or from the 


values in the no swim condition. 


failed to change following CWS. In contrast, age-related 
differences in CWS analgesia on the jump test appeared 
more gradual across cohorts: significant reductions were ob- 
served in the three older groups relative to the 9-month 
group, and in the 24-month group relative to the 4-month 
group. The alterations in CWS analgesia on both tests oc- 
curred independently of age-related changes in basal pain 
thresholds since no-swim tail-flick latencies failed to differ 
among cohorts, and the small, but significant hyperrespon- 
siveness of the 19-month and 24-month groups on the jump 
test was factored out of the difference-score analysis. The 
latter effect is in accord with previous reports of age related 
decreases in pain thresholds from our laboratory [42] and 
elsewhere [17, 33, 58], but differ from reports of age-related 
increases in pain thresholds [39, 48, 50]. 

It is possible that CWS analgesia is an epiphenomenon of 
CWS hypothermia, and that any age-related differences in 
CWS analgesia are the result of changes in CWS hypother- 
mia. Our laboratory has found that certain manipulations, 
such as repeated exposure to CWS, hypophysectomy and 
D-phenylalanine pretreatment, decrease CWS analgesia, but 
not CWS hypothermia [5, 9, 12]. Further, acute desipramine 
treatment increases CWS analgesia, but not CWS 
hypothermia [13]. However, other manipulations alter both 
responses in a similar manner: clonidine pretreatment in- 
creases both CWS analgesia and CWS hypothermia [14], 
while neonatal MSG treatment decreases both CWS 
analgesia and CWS hypothermia [2]. The latter two effects 
suggest that analgesic magnitude can sometimes be affected 
by either hypothermic magnitude per se, or changes in the 
stressful consequences of the swim. The present data exhibit 
a different pattern, that is, declines in CWS analgesia are 
associated with more pronounced CWS hypothermia at 60 
min following the swim in the 14-month group, at 30 and 60 
min following the swim in the 19-month group, and across 
the 120 min time course in the 24-month group. These data 
completely agree with previous reports of impaired thermo- 
regulatory responses to cold environments in older animals 
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FIG. 3. Age-dependent potentiation in the magnitude of CWS 
hypothermia (significant potentiations noted are relative to the 
4-month (*) or 9-month (**) groups, Dunn comparisons, p<0.05). 





(24, 34, 56], and suggest that the decrements in CWS 
analgesia in older animals are the result of changes in either 
endogenous pain-inhibitory or pain transmission systems 
(see reviews: [3,6]). 

CWS analgesia in young adult rats appears to be mediated 
through a nonopiate neurohormonal mechanism of action. In 
this regard, destruction of the medial-basal hypothalamus or 
the pituitary gland results in an attenuation of this response 
(2,5]. It appears that the anterior lobe of the pituitary is an 
integral component of CWS analgesia since posterior and 
intermediate lobectomy fails to affect this response [31]. 
Further, the adrenocortical system is implicated for the fol- 
lowing reasons: (a) the synthetic glucocorticoid, dex- 
amethasone reduces CWS analgesia [43,47]; (b) the cor- 
ticosteroid synthesis inhibitor, metryapone enhances CWS 
analgesia [46]; (c) adrenalectomy enhances CWS analgesia 
[32,43]; and (d) adrenal demedullation fails to affect this re- 
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sponse [15]. These data indicate that stimulation of the nega- 
tive feedback aspect of the adrenocortical system (e.g., dex- 
amethasone) will reduce CWS analgesia, while disruption 
of this system (e.g., adrenalectomy or corticosteroid syn- 
thesis inhibition) disinhibits the negative feedback upon the 
anterior lobe of the pituitary and medial-basal hypothalamus, 
thereby enhancing this response [1]. Changes in adrenocorti- 
cal responses have been observed as a function of age which 
appear to contribute to impaired homeostatic function and 
responsivity to stress [19,57]. This has primarily been at- 
tributed to the reduced sensitivity and/or elevated threshold 
of the hypothalamic/pituitary axis to glucocorticoid feedback 
inhibition [20] and a progressive age-related reduction in 
glucocorticoid receptor binding [53,54]. Finally, aged ro- 
dents display an impaired ability to increase ACTH levels 
when exposed to stress [16, 25, 57]. Thus, it is possible that 
the age-related decrements in CWS analgesia observed in the 
present study may be attributable to the age-related impair- 
ments in hypothalamo-hypophysial function. This is con- 
ceivable if one assumes that continuous CWS activates the 
same nonopiate neurohormonal pain control system in all 
age groups. Further, the role of norepinephrine among other 
neurotransmitters in CWS analgesia [3, 13, 14], and the ob- 
served age-related impairments in norepinephrine levels, 
synthesis and turnover [21, 23, 45, 52, 55] provide another 
possible mechanism for age-related decrements in CWS 
analgesia. Further work is necessary to address these 
possibilities. 

The present data add to very recent demonstrations of 
age-dependent effects upon other forms of stress-induced 
analgesia. For instance, Hamm and Knisely [35,36] found 
that two nonhormonal forms of analgesia (see review: [44]), 
opioid-mediated forepaw shock and nonopioid-mediated 
hindpaw shock, displayed age-related declines in the mag- 
nitude of their responses. Our laboratory [42] found that 
2-deoxy-D-glucose (2DG) analgesia exhibits an age-related 
decline on the tail-flick and jump tests. However, the anal- 
gesic response following abrupt food deprivation (e.g., 
[10,38]) does not appear to be affected by the aging process 
(R. Hamm, personal communication). The ability of older 
animals to adapt to the analgesic effects of swim stress also 
seems impaired. Girardot and Holloway found that while 
young rats exposed to chronic intermittent CWS displayed 
adaptation and cross-tolerance with morphine, aged rats 


879 


showed a delayed and less complete adaptation to intermit- 
tent CWS analgesia and failed to display morphine cross- 
tolerance [26-30]. 

It should be noted that the present age-dependent de- 
clines in CWS analgesia does not agree with another recent 
report of age-dependent increases in CWS analgesia [37]. 
Like our previous findings in young adult rats [8,32], they 
found that CWS analgesia was not altered by an opiate re- 
ceptor antagonist, but was increased in adrenalectomized 
animals. However, several procedural differences can be 
found between the studies. While Hamm and co-workers 
used two groups of male rats of significantly different 
weights, 3-month (343 g) and 23-month (809 g), we employed 
five groups of female rats with more evenly-distributed 
weights: 4-month (275 g), 9-month (291 g), 14-month (354 g), 
19-month (326 g) and 24-month (311 g). Thus, the decrements 
and increases in CWS analgesia as a function of age observed 
in our and their [37] studies respectively, might also be ex- 
plained in terms of gender differences and weight differ- 
ences. While systematic analysis of gender differences in 
CWS analgesia has not been carried out, our initial findings 
[7] of CWS analgesia were accompanied by a significant 
positive correlation between body weight and analgesic 
magnitude (Bodnar and Kelly, unpublished observations). 
Therefore, the increased CWS analgesia in older and heavier 
male animals might be attributed to weight, and not age, 
factors. Procedural differences between the studies in the 
measurement of CWS hypothermia also fail to allow direct 
comparisons. For instance, while we showed a progressive, 
age-dependent increase in CWS hypothermia at 30-120 min 
following the swim, the peak period of analgesic decrements, 
Hamm and colleagues found similar hypothermia at their 
only data point taken immediately after the swim. 

In conclusion, our findings that an age-dependent decline 
in CWS analgesia on the tail-flick and jump tests that occurs 
independent of CWS hypothermia, agrees with similar de- 
clines observed as a function of age in other analgesic stres- 
sors with different physiological and pharmacological 
profiles (see [3, 6, 44]), including forepaw shock [35], 
hindpaw shock [36], 2DG [42] and intermittent CWS [28]. 
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YOUNG, J. K., M. W. FLEMING AND D. E. MATSUMOTO. Sex behavior and the sexually dimorphic hypothalamic 
nucleus in male Zucker rats. PHYSIOL BEHAV 36(5S) 881-886, 1986.—To determine whether or not impaired male 
sex behavior in obese male Zucker rats is accompanied by any anatomical alterations in a hypothalamic area impli- 
cated in the control of sex behavior, 6 lean and 5 obese male Zucker rats were studied behaviorally and anatomically at 
14 months of age. Obese males showed markedly decreased male sex behavior relative to lean males, in spite of serum 
levels of testosterone and testicular weights comparable to those of lean rats. Obese rats had significant decreases in brain 
weight and volumes of sexually dimorphic nuclei per g of brain, relative to lean rats; volumes per g brain of other structures 
(paraventricular and suprachiasmatic nuclei) were not different between groups. It is suggested that an incomplete expres- 
sion of sexually dimorphic features of the preoptic area-anterior hypothalamus, due perhaps to an impaired process of 
perinatal brain androgenization, may contribute to decreased male sex behavior in adult obese rats. 
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OBESITY, hyperphagia, and a disordered carbohydrate me- 
tabolism are well known characteristics of a strain of genet- 
ically obese rats, the Zucker rat. Less well studied, but also 
prominent, are symptoms of reproductive impairment in 
these rats. Female obese rats have signs of hypogonadism 
and of impaired estrogenic effects on the uterus and vagina in 
spite of normal levels of circulating gonadotrophins and tis- 
sue estrogen receptors [20,21]. Male obese rats are infertile 
in spite of normal sperm motility and testicular anatomy [18]; 
one factor contributing to the infertility is a greatly di- 
minished male sex behavior, found both in young obese rats, 
which have normal levels of circulating testosterone, and in 
older obese rats, which show a moderate decline in blood 
levels of testosterone [8,9]. Decreased sex behavior is not a 
consequence of obesity itself, since it persists in obese 
animals given a restricted diet [8]. Since decreased sex be- 
havior can occur both in the presence and absence of low- 
ered testosterone production, some non-gonadal factor, 
perhaps a brain abnormality, may contribute to the abnormal 
behavior [9]. Some evidence for this arose from our recent 
observation that obese female Zucker rats have somewhat 
enlarged brains and hypothalamic structures relative to lean 
females [27]. This is the reverse of findings in obese males, 
which have diminished brain weights relative to lean males 
[3,10]. A decrease in brain size, present in obese males, but 
not in obese females, may indicate an insufficient perinatal 
androgenization of developing male brains by sex hormones, 
leading to decreased brain weights [11,17] and to decreased 
expression of male sex behavior in adulthood [23]. One way 
to test this possibility is to examine the so-called sexually 


dimorphic nucleus (SDN) of the hypothalamus, a cluster of 
neurons that undergoes a permanent increase in overall vol- 
ume and cell number in response to perinatal sex steroids 
[11,14]. If the process of androgenization in male Zucker rats 
is abnormal, this should be reflected by a decreased SDN 
volume and by an accompanying deficit in male sexual be- 
havior, which appears facilitated by neurons in or near the 
SDN [1,16]. To examine whether or not the abnormal behav- 
ior of male Zucker rats is accompanied by any differences in 
hypothalamic anatomy, the following study was performed. 


METHOD 


Five male obese (fafa) and six lean littermate (FaFa) 
Zucker rats were obtained from the laboratory of Dr. 
Michael Lewis, Department of Psychology, Howard Uni- 
versity. Rats were housed in groups of three at 23°C under a 
12:12 lighting schedule (lights on at 0700 hr, off at 1900 hr) 
and given Purina rat chow pellets ad lib. One month later, at 
about 14 months of age, male sexual behavior was studied in 
these rats. Each male was placed in a Plexiglas arena (15” 
wide by 21” long by 18” deep) filled with 1-2" of sawdust, 
under dim red illumination, at 2100 hr. After a 5 minute 
period of accustomization, a test female was introduced and 
various parameters of male behavior (mount latency, intro- 
mission latency, intromission frequency, ejaculation latency, 
and post-ejaculatory interval) were observed and timed with 
a hand-held electronic timer. Intromissions and ejaculations 
were identified by standard behavioral indices [6]. All rats 
were observed for 1 hour. Female, 300 g test rats were re- 
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TABLE 1 
SEXUAL BEHAVIOR IN LEAN AND OBESE MALE ZUCKER RATS 





mount 
latency 
(sec) 


intromission 
latency 
(sec) 


(intromissions/min) 


intromission 
frequency 


postejaculatory 
interval 
(sec) 


ejaculatory 
latency 
(sec) 





39.4 235.6 
+24.9 + 107.6 


23.0 —_— 
+7.9 


1.18 
+0.25 


1118.6 
+179.1 


533.0 
+44.1 





tired breeders ovariectomized one month previously; they 
were given 30 ug of estradiol benzoate subcutaneously 2 
days before the test day, and then were given 0.50 mg of 
progesterone at 1400 hr on the test day [29]. Only the females 
that showed a lordotic response to hindquarter palpation 
were used. One week after behavioral testing, rats were 
deeply anesthetized with chloral hydrate and were bled via 
jugular venipuncture for later assay of serum testosterone 
levels. Following this, rats were placed in a stereotaxic appa- 
ratus to accurately measure distances between several skull 
landmarks (earbars-bregma, bregma-toothbar) and then the 
testes were removed and placed in cold saline for later 
weighing. To aid in evaluation of any possible differences in 
testicular weight between groups, an additional organ, the 
kidney, was removed to provide another index of soft tissue 
growth relatively independent of obesity, food intake, or sex 
hormone levels. Finally, rats were perfused through the 
heart with buffered 10% formalin and brains were removed 
for weighing and histological analysis. 


Histology 


Following brain hardening in 10% formalin, serial 40 uw 
frozen sections of brains were prepared and stained with 
0.1% thionin in acetate buffer (pH 4.5). Following differ- 
entiation in 0.2% acetic acid-4% formalin, best results were 
obtained when sections were washed and dehydrated in so- 
lutions carefully kept above pH 7.0. Mounted sections were 
projected onto a sheet of paper at a magnification of 22 x and 
outlines of the SDN, the nearby suprachiasmatic nuclei 
(SCN), and paraventricular nuclei (PVN) were traced. Slides 
of each brain were kept in unlabeled, separate boxes and 
were placed onto the microprojector face down, so that 
identification of a given brain was not made until all struc- 
tures were traced. Cross-sectional areas of each tracing were 
determined by use of a digitizing tablet in conjunction with a 
Bioquant II morphometric system (R and M Biometrics 
Corp., Nashville, TN) and an Apple Ile computer. Multipli- 
cation of total cross-sectional area of the serial tracings by 
the section thickness allowed estimation of the volumes of 
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each structure. One final index of overall preoptic area size 
was preoptic height, measured by finding the distance be- 
tween the anterior commissure and optic chiasm in a section 
also containing the SDN of each brain. 


Steroid Assay 


Serum testosterone was assayed via previously published 
radioimmunoassay methods [12,13]. Briefly, 1 ml of serum 
from each rat was extracted twice with 4 ml of diethyl] ether, 
the ether fraction was removed, dried under a stream of 
nitrogen at 38°C, and resuspended in buffer. Percent re- 
covery of *H-testosterone by this method was 94%. 
Duplicate samples (100 yl) were assayed using a highly spe- 
cific antibody provided by Dr. Carid E. Rexroad, USDA (% 
binding=61%; a complete characterization of this antibody 
has been submitted for publication). The standard curve was 
linear (r=0.988) between 0.125 and 5.0 ng/ml. Variation be- 
tween samples of a pooled serum standard was 4.65%. Assay 
data were analyzed via the “‘logit-log’’ method of Rodbard er 
al. [19]. Behavioral and anatomical differences between the 
two groups were analyzed by means of Student’s f-test. 


RESULTS 


Lean rats displayed all the normal features of male sex 
behavior, although requiring more time for intromission and 
ejaculation than would typically be found in young, 
Sprague-Dawley albino rats [2]. Obese rats, while readily 
mounting test females initially, thereafter failed to achieve 
intromission or ejaculation, although they repeatedly 
brushed against or sniffed the test females (Table 1). One 
obese male failed to even mount a test female. The difference 
in sexual performance between the two groups was marked. 

At autopsy, obese male rats showed the same foreshort- 
ening of the skull observed previously in obese females [27] 
and had brains 9.9% lighter than those of lean rats (Table 2). 
Obese rats had slightly, but not significantly, smaller testes, 
and had serum levels of testosterone comparable to those of 
lean rats; there was no correlation between testicular weight 
and serum testosterone level (r=0.15, NS). Surprisingly, 


FIG. 1. Representative thionin-stained coronal sections through hypothalamic structures of male obese and lean rats, magnified 28.5~x. 
Sections of the sexually dimorphic nuclei (SDN) of a lean male (A), an obese male (B) and of a lean female Zucker rat (C—included for 
qualitative comparison with male anatomy) are visible halfway between the optic chiasm and anterior commissure (large arrows). Small 
apparent differences between right and left SDN’s in any section are due only to slight differences in the angle at which each brain was cut; 
sections were selected because the total bilateral cross sectional SDN areas most closely matched the mean cross sectional area of their 
respective groups. Representative sections of the largest portions of the paraventricular nuclei of lean (D) and obese male rats (E) are also 
included, as well as suprachiasmatic nuclei (small arrows) from the lean (F) and obese (G) groups. 
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TABLE 2 
PHYSICAL FINDINGS AT AUTOPSY 





body 
weight earbars-bregma 
(g) (mm) 


brain testes 
toothbar-bregma weight weight 
(mm) (g) (g) 


testosterone, 
ng/ml serum 





360.5 
+24.7 


595.6* 
+34.8 


8.43 
+0.21 


8.00 
+0.32 


Mean 
+SE 


lean 
(n=6) 


obese 
(n=5) 


27.10 
+0.26 


26.06* 
+0.24 


2.127 
+0.052 


1.917* 
+0.047 


2.40 1.41 
+0.14 +0.39 


2.08 1.30 
+0.55 +0.21 


Mean 
+SE 





*p<0.01, different from leans, t-test. 


TABLE 3 
BRAIN ANATOMY OF OBESE AND LEAN RATS 





volume 
PVN 
(mm*) 


volume 
SDN 
(mm*) 


volume SDN 
g brain 





volume 
SCN 


pre-optic 


volume PVN volume SCN height 








g brain (mm*) g brain (mm) 





0.074 
+0.010 


0.0407 
+0.003 


0.035 
+0.005 


0.021* 
+0.002 


0.263 
+0.013 


0.214* 
+0.014 


Mean 
+SE 


lean 
(n=6) 


obese 
(n=5) 


Mean 
+SE 


0.123 
+0.005 


0.112 
+0.008 


0.097 
+0.006 


0.105 
+0.010 


0.046 
+0.002 


0.055 
+0.007 


1.73 
+0.05 


1.78 
+0.07 





*p<0.05, different from leans, f-test. 
+p<0.01, different from leans, f-test. 


kidneys were significantly enlarged in obese rats, although 
obese rats had a significantly smaller ratio of g kidney/g 
body weight (0.66+0.029, leans vs. 0.52+0.046, obese rats, 
p<0.01, t-test) (Table 2). 

Analysis of the histological data indicated that obese rats 
had a 45% reduction in SDN volume, as well as a 39.5% 
decrease in SDN volume per g of brain weight (Table 3). 
Paraventricular nuclear volumes were also decreased in 
obese rats by 18.5%, but this was not accompanied by a 
decrease in the ratio of PVN volume per g brain weight. No 
significant differences in SCN volume or preoptic height be- 
tween the groups were detected. Photographs of brain sec- 
tions selected to be representative of the average cross sec- 
tional areas of structures for the two groups are presented in 
Fig. 1. In addition, a photograph of the SDN of a female rat, 
from a brain section prepared during a previous study [27], is 
presented in Fig. 1 for comparison with sections from male 
brains. 


DISCUSSION 


The behavioral findings of this study are similar to those 
of Edmonds and Withyachumnarnkul [8]. Ten month old, 
lean Zucker rats of that study had intromission frequencies, 
ejaculation latencies, and post-ejaculatory intervals similar 
to those presented above, although lean rats of this study had 
a somewhat longer mean intromission latency. Overall sex- 
ual behavior of lean Zucker rats described in both studies 
was less vigorous than normally reported for rats, perhaps 
because of strain differences and greater age or sexual in- 
experience of the Zucker rats [5]. The reproductive inade- 
quacy of the obese males, previously reported, was rep- 


licated here. Serum testosterone levels for lean rats were 
somewhat lower than those reported by Edmonds er al. 
[8,9], perhaps because the rats of this study were 2-4 months 
older [15]. However, testosterone levels for both lean and 
obese rats were in a range apparently adequate for full ex- 
pression of sexual behavior [4], so testicular insufficiency 
would seem an unlikely explanation for impaired sexual be- 
havior. Obesity itself, by decreasing agility, could have con- 
tributed to decreased behavior, but the lightest obese rat (470 
g) performed no better than the heaviest (640 g), and all 
obese rats sniffed and brushed against the females without 
visible difficulty. To what extent could an altered hypotha- 
lamic anatomy contribute to the abnormal behavior of these 
rats? 

The histological data presented above suggest that the 
reduction in SDN volume seen in obese Zucker rats was 
greater than could be accounted for by diminished overall 
brain size, unlike the smaller reduction in PVN volume or 
lack of alteration in SCN volume. The SDN volume of obese 
rats was about 40% smaller than normal, a decrease com- 
parable to that seen in male rats castrated on the day of birth 
or in females given testosterone after birth [11]. Since the 
overall volume of the SDN appears to faithfully reflect the 
degree of perinatal exposure of the hypothalamus to sex 
steroids [7], it seems possible that brains of obese male 
Zucker rats may experience a level of androgenization in- 
termediate between that of normal males and females. This 
could conceivably result from lowered levels of or lessened 
sensitivity to sex steroids during the neonatal period of de- 
velopment of obese rats. However, other possible explana- 
tions for altered hypothalamic development, such as 
hypothyroidism [28], are conceivable, in light of the many 





SEX BEHAVIOR AND SDN SIZE IN ZUCKER RATS 


endocrine and metabolic abnormalities found in obese 
Zucker rats. A series of developmental studies of hypotha- 
lamic anatomy, blood levels of sex steroids, and effects of 
perinatal steroid administration would be needed to conclu- 
sively determine the role of sex steroids in the generation of 
the anatomical findings described above. Impairment of 
androgenization, while possibly contributing to infertility, 
probably would not account for the hyperphagia of obese 
Zucker rats, since it appears that a lack of androgenization is 
accompanied by a more precise, and not a less precise, con- 
trol of caloric balance [25]. 

Could an altered hypothalamic anatomy be a sufficient 
explanation for the decreased male sex behavior seen in 
obese rats? A number of studies are supportive of this con- 
cept. Electrical stimulation of the general area of the SDN 
facilitates male sex behavior [16]; also, a recent extensive 
study of behavioral effects of anterior hypothalamic lesions 
indicates that the specific area containing the SDN, and not 
regions just anterior or posterior to it, is particularly critical 
for the generation of male sex behavior [2]. In addition, the 
lack of sexual dimorphism in SDN anatomy apparent in mice 
correlates with a lack of sexual dimorphism in 


testosterone-stimulated male sex behavior [26]. However, 
the proposal that a smaller number of SDN neurons per se 
could result in decreased male sex behavior may be too sim- 
ple an explanation. A recent study reports that small, lo- 
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calized lesions of an area just dorsal to the SDN are actually 
more effective in diminishing male sex behavior than are 
lesions within the SDN itself [1]. It may be that the size of 
the SDN represents only one anatomically visible marker of 
the process of androgenization that also leaves behind more 
subtle changes in the anterior hypothalamus-preoptic area 
which lead to changes in behavior. Also, in the case of obese 
rats, the possibility that changes in general brain metabolism 
or state of arousal associated with the obese genotype could 
also contribute to decreased male sex behavior cannot be 
disregarded. 

A final noteworthy finding was that of kidney enlarge- 
ment in obese rats. The reasons for this observation, also 
reported by others [22,24], are unclear. Kidney enlargement 
is accompanied by abnormalities in the regulation of water 
balance in obese Zucker rats, which are not present in rats 
made obese by hypothalamic lesions [24]. Blood volume is 
not elevated in Zucker rats [22], and so could not explain an 
increase in kidney size. To date, this finding is yet another 
unexplained characteristic of Zucker rats that would seem to 
merit further study. 
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MOOK, D.G.,J. A. BRANE, L. GONDER-FREDERICK AND J. A. WHITT. Satieties and cross-satieties for three diets 
in the rat. PHYSIOL BEHAV 36(5)887-895, 1986.—In food-deprived rats, intake of a 2 M glucose solution is independent of 
deprivation level. However, subsequent intake of laboratory chow does vary with deprivation, though the immediately- 
preceding glucose meal did not. If deprivation is severe, the rat may eat as much chow as if the prior glucose meal had not 
occurred. In the converse case, a preload of chow has no suppressant effect whatever on intake of glucose, at any 
deprivation level. As with chow, intake of milk after a glucose load varies with food deprivation, even though the preceding 
intake of glucose did not. In contrast to the chow case, however, there is cross-satiety between milk and glucose in both 
directions; a meal of either one suppresses subsequent intake of the other. We conclude: (1) Intake of different diets is 
limited (satiated) by different postingestive mechanisms with different functional properties; some are sensitive to depriva- 
tion, others not. (2) Offering a new diet can change the properties of satiety, as if it recruited a new satiety mechanism and 
disengaged the old one. (3) The interactions among different satiety mechanisms are complex and non-reciprocal. Glucose 
and milk both contribute to a satiety mechanism that limits intake of both. A glucose preload can augment or accelerate 
satiety for chow, and thus reduce chow meal size; but the converse is not true. A single state or variable, ‘‘satiety’’ in the 


abstract, probably does not exist. 


Diet Feeding Satiety Glucose 





THE response to carbohydrate solutions has been a usefu, 
model of the postingestive control of intake. Gastric loads of 
concentrated glucose solution depress concurrent [14,19] or 
subsequent [13] intake of such solutions, even though they 
bypass the taste receptors. Such loads also promote the be- 
havioral signs of satiety [10]. 

Thus, intake of glucose at high concentrations is limited 
by a postingestive inhibitory signal or signals. These signals 
may be chemospecific [4,6], osmotic [13,14], or both. 

In exploring some of the properties of this postingestive 
satiety mechanism, we find that the inhibition is remarkably 
specific. A rat may be satiated for glucose in solution, in that 
it will drink no more of it when access is prolonged. Yet, 
during that period of inhibition, it will resume vigorous eat- 
ing when offered Purina chow, milk, or even powdered glu- 
cose or sucrose [15, 16, 17, 20]. We call this effect ‘‘de- 
satiation.”” 

The de-satiation effect can be very large. Offered milk or 
glucose powder, a solution-sated rat may take a meal that 
exceeds in calories the just-preceding meal of solution. Or, 
offered lab chow while satiated for solution, a very hungry 
rat may eat just as much chow as if the first meal of glucose 
had never occurred, as we will show below. And this hap- 
pens at a time when further solution intake would remain 
wholly inhibited if nothing else were offered. 

Some obvious interpretations of de-satiation have been 
tested, and shown to fail. 

First, it is not just an effect of novelty or variety, reflect- 
ing a stimulus-specific satiety [23]. There seems to be a great 
deal of reluctance to accept this conclusion, as indicated by 


colleagues’ comments; but several lines of evidence support 
it: 

(1) The effect is not always reciprocal. Changing the 
commodity from glucose in solution to glucose powder re- 
instates vigorous feeding; the reverse sequence does not 
[16]. The stimulus change, of course, is necessarily the same 
in both cases. 

(2) The specificity is postingestive. A gastric load of glu- 
cose solution, that has not passed through the mouth, can 
leave the rat satiated for glucose solution but ready for avid 
ingestion if offered chow or powdered carbohydrate (in 
press). 

(3) The ‘first meal’’ of glucose solution, and the *‘second 
meai’’ of something else, are related in different ways to 
modulating variables. Specifically: 

(a) With concentrated glucose solutions, the postingestive 
inhibition sets a fixed limit on intake. Amount drunk is inde- 
pendent of food-deprivation level, from ad-lib to severe 
weight reduction ({17,18], and below). It will be convenient 
to have a name for satiety mechanisms with this property; 
we call them inelastic satiety mechanisms. 

(b) Intake of some other diets, in contrast, is limited by 
elastic satiety mechanisms. Intake of glucose powder does 
rise with severity of deprivation. And this happens even after 
an immediately preceding intake of solution, which did not 
increase with deprivation [17]. We will report additional such 
cases here; indeed, the different functional properties of dif- 
ferent satieties will be a major emphasis in what follows. 

These findings indicate that changing the diet does more 
than just maintain ingestion for a while. It appears to recruit 
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a new set of satiety mechanisms, with different functional 
properties, that then limit intake of the second commodity 
and thus determine meal size. This idea too will be explored 
further below. 

For the same reasons, de-satiation does not reflect a 
response-specific satiety or “‘resistance to satiation’’ [21]. 
Nor is it a response to increased palatability. All the evi- 
dence is that powdered glucose and laboratory chow are less 
palatable than a 1- or 2 M glucose solution, not more [3,16]. 

These data suggest [1] that the mechanisms of satiety 
have different properties for different foods (the elastic/in- 
elastic division), and [2] that the postingestive effects of a 
given food can satiate the rat for some foods, and not just the 
one ingested, while leaving it ready for avid ingestion of 
other foods (the de-satiation phenomenon). Both these facts 
suggest a multiplicity of satiety mechanisms that interact 
with each other in complex ways. 

These phenomena were first demonstrated in the interac- 
tions between solid and liquid carbohydrates as model foods 
[16,17]. In this report, we extend the research to explore the 
relations between satiety for glucose and satiety for two 
other commonly-used laboratory diets: commercial chow, 
and a milk-based liquid diet.’ We inquire, first, as to their 
elasticity; and second, as to the extent to which there is 
‘*cross-satiety’’ between each of these diets and a concen- 
trated glucose solution. In other words, we ask: Given that 
the rat has eaten one diet to satiety, to what extent is it 
satiated for another? 

We will see that there is no single answer. Even this lim- 
ited range of commodities permits us to identify several dif- 
ferent kinds of relations between one satiety mechanism and 
another. The results lead us to question whether ‘‘satiety,”” 
considered as a single state or variable, exists at all. 


METHOD 
Subjects 


Sprague-Dawley rats were used as subjects. Subjects of 
different sexes and histories were used in the experiments to 
be described, so as to show the generality of our major con- 
clusions across these variations. 


Apparatus 


The rats were observed in their home cages. These were 
of wire mesh and measured 20x25 18 cm. The rats were 
maintained in a climate-controlled room on a 12:12 light-dark 
cycle with light onset at 7 a.m. 

Experimental fluids were offered in inverted graduated 
cylinders, with metal drinking spouts inserted through rub- 
ber stoppers. Powdered laboratory chow (Purina) was of- 
fered in metal cups, 4x8 cm diameter, bolted to squares of 
wire mesh to prevent their being overturned. The use of 
relatively small quantities of food, covering the cup floors to 
a depth of no more than | cm, virtually eliminated spillage 
with these cups. 

The basic procedure (exceptions will be noted below) was 
as follows. During an initial 30- or 40-min, an experimental 
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FIG. 1. Left panel: Mean intake of 2 M glucose when offered first 
(unmarked rising bar), or after a meal of chow (rising bar marked 
**2’’). For the latter condition, the prior intake of chow is shown by 
the falling bar **1.’” Right panel: Mean intake of chow when offered 
first (unmarked rising bar), or after 2M glucose (rising bar marked 
‘*2”). For the latter condition, glucose intake is shown by the falling 
bar marked ‘*1.’’ Open bars, 2 M glucose; hatched bars, chow. 


food was offered to the rat. There then followed a second 
30- or 40-min period, during which either the original com- 
modity remained available, or the mother was offered instead. 

These intervals were chosen on the basis of previous exper- 
iments. We have consistently found (e.g., [15, 16, 17]) that a 
meal of 2M glucose, laboratory chow, or milk is completed 
within the first 30 min of access, and that little or no inges- 
tion occurs over the remainder of a 60- or 80-min session (see 
also Experiment 2 below). Therefore, a commodity offered 
during the second such interval is offered when there is sati- 
ety for the original commodity. 

Procedural variations will be described with the individ- 
ual experiments. 


Treatment of the Data 


All experiments reported here employed within-subjects 
designs. Statements of significance are based on repeated- 
measures f-tests or analysis of variance. 


EXPERIMENT | 


We have reported previously [15] that even after drinking 
a concentrated glucose solution (1 or 2 M) to ‘‘satiety”’ for 
that solution, rats will engage in a vigorous ‘“‘second meal” 
when offered laboratory chow. In this experiment, we asked 
how the prior meal of glucose affects the amount of chow 
ingested immediately afterward. We also asked the converse 
question: What is the effect of a prior meal of chow on the 
amount of glucose consumed? 


Subjects 


Twelve male Sprague-Dawley rats, about 240 days old, 
served as subjects. These rats had been used in previously- 





‘Of course an indefinite number of diets could have been tested, and more will need to be studied; though even these, as will be shown, 
introduce perplexities enough. Our necessarily arbitrary selection yields three ‘‘diets’’ that differ from each other along a number of 
dimensions at once: taste, palatability, texture, nutrient density and composition. This is a well-known experimental strategy [25] that we have 
adopted deliberately here. If varying a number of variables at once makes no difference, we have ruled out all of them at once. If it does make 
a difference, we have a list of variables at least one of which must be important, and further analytic work can isolate the crucial difference(s). 
Finally, as will be clear later, each of these diets permits us to rule out some possible interpretations of the data obtained with the others. 





SATIETIES AND CROSS-SATIETIES 


reported experiments dealing with this problem [16], so that 
when the present experiments began they had been adapted 
to the deprivation and food-presentation regimen to be de- 
scribed below. 


Procedure 


The rats were deprived of their maintenance food (Purina 
pellets) overnight, from 5 p.m. until 1 p.m. the next day (20 
hr). At 1 p.m. an experimental session began; after its end, 
pellets were restored until food was withdrawn again at 5 
p.m. Tap water was available throughout. 

In the present experiment, we asked two questions. First, 
what is the effect on chow intake of a prior bout of glucose 
ingestion? Second, what is the effect on glucose intake of a 
prior bout of chow ingestion? 

Two conditions were compared in ABBA order. In (A), 
the rats were offered 2 M glucose for 40 min; the cylinders 
were then removed and cups of powdered Purina chow were 
offered for 40 min. In (B), the sequence was reversed: Pow- 
dered chow, then 2 M glucose, were offered for 40 min each. 
The design thus yielded a measure of intake of each com- 
modity as a ‘“‘first meal,’’ and as a ‘‘second meal’”’ following 
access to the other. 


RESULTS AND DISCUSSION 


Average intakes are shown in Fig. 1. For clarity, we focus 
in each half of the figure on the intake of one or the other 
commodity. 

The left panel shows the intake of 2M glucose. It com- 
pares the intake of that solution over the first 40 min follow- 
ing deprivation (the unpaired rising bar), with intake when it 
was offered over the second 40 min, after powdered chow 
(the rising bar with descending bar below it). We see at once 
that intake was about the same in the two cases. If anything, 
solution intake was slightly (not significantly: t<1) higher if it 
was preceded by chow than if it was not. Clearly, a substan- 
tial meal of chow had no suppressant effect on the subse- 
quent response to glucose. Glucose, when offered second, 
was ingested as if the first meal of chow had never occurred. 
The ingested chow apparently made no contribution to the 
satiety mechanism that ended the bout of glucose ingestion, 
thus determining amount consumed. 

Individual differences in intake further support this inde- 
pendence of glucose intake. If a bout of chow ingestion in- 
hibits subsequent glucose intake, then intakes of the two 
commodities ought to be negatively correlated on the days 
when chow was offered first and glucose second. The more 
chow a rat ate during the first period, the less glucose it 
ought to drink during the second. In fact, on such days, the 
intake of glucose was quite uncorrelated with the amount of 
chow eaten just before; the correlation was not significant, 
and what relation there was was in the wrong direction 
(r=0.28). (For this analysis, intake of each commodity was 
averaged for each rat over the two days in question.) This 
was not a matter of restricted range, for the intakes of each 
commodity varied over at least a 2'/2-fold range. 

The right panel of Fig. 1 shows the converse case. Here, 
we see that the intake of chow was also about the same 
whether access to glucose preceded it (the rising bar with 
descending bar beneath it) or not (the unpaired rising bar). 
The small difference is not significant (¢t=1.13). This com- 
parison by itself suggests that, just as glucose ingestion takes 
no account of a preload of chow, so intake of chow is insen- 
sitive to a prior bout of glucose intake. 
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FIG. 2. Mean intake of powdered chow offered first (unmarked 
rising bars) or after glucose (bars marked ‘‘2’’), at varying levels of 
deprivation. Body weights were not held at fixed values but were 
gradually declining; they averaged respectively 95%, 92%, and 86% 
of ad lib values for the three sets of bars. Symbols as in Fig. 1. 


We should say at once that this turned out not always to 
be so, however (see below); and even in these data, individ- 
ual differences show that matters are more complicated. In 
this case, first-session glucose intake and second-session 
powder intake were strongly and negatively correlated 
(r=—0.82). In other words, the rats that drank the most glu- 
cose first ate the least chow second. That finding does 
suggest an inhibitory effect of the self-administered glucose 
preload on subsequent intake of chow. 

The next experiment shows more clearly the effect of a 
glucose preload on chow intake, and explores some of the 
conditions for its occurrence. 


EXPERIMENT 2 


In this experiment, we examined the response to chow and 
to glucose, each alone or following the other, in naive rats. In 
addition, we looked at the effect of severity of deprivation on 
intake. 


METHOD 
Subjects 


Six female rats, about 120 days old, were used. They were 
experimentally naive. 


Procedure 


The rats were familiarized with powdered Purina chow 
and with 2M glucose while feeding freely on pelleted Purina 
chow and tap water. This was accomplished by offering each 
experimental commodity for 30 min, on alternate days, in- 
stead of the standard food. After baseline intakes had 
stabilized, experimental observations began. 

Maintenance food was restricted to 10 g/rat/day (in addi- 
tion to the foods offered during the experimental session) for 
32 days. By the end of that period, average body weight had 
declined to 86% of pre-deprivation value. 

The data to be reported here were collected over three 
four-day periods at the beginning of deprivation, midway 
through it, and at its end. (Intervening days were devoted to 
experiments not reported here, in which powdered carbo- 
hydrates were offered instead of laboratory chow.) In each 
such 4-day period, four conditions (A, B, C, and D) were 
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compared in order randomized independently for each rat 
over each period. 

In (A), a 2 M glucose solution was offered for 30 min, 
withdrawn, and replaced for a second 30 min. In (B), pow- 
dered chow was offered for 30 min; it was then withdrawn 
and a fresh cup offered for a second 30 min. This permitted 
us to assess the lasting inhibition that ingestion of each 
commodity imposes on its own further consumption. 

In (C) and (D), we looked at the effect of dietary change, 
to assess the specificity of the satiety for each commodity. In 
one case, 30 min access to 2 M glucose was followed by 30 
min access to chow. In the other the sequence was reversed: 
access to chow, then to glucose, for 30 min each. 

As in the previous experiment, these conditions allowed 
us to compare the intake of each commodity as a ‘‘first 
meal,’’ following deprivation; and as a ‘‘second meal,”’ fol- 
lowing access to the other commodity. Stating the question 
another way, these conditions asked: What is the effect on 
intake, of each commodity, of the fact that the rat has just 
had a full meal of the other? 


RESULTS 
Chow 


In Fig. 2, the rising bars show the response to powdered 
chow. Looking first at the unpaired bars, showing intake of 
chow when it was offered first, we see that intake was not 
affected by deprivation in these rats. 

When access to chow followed a bout of glucose ingestion 
(paired bars), intake was reduced at low deprivation. Here 
then, in contrast to Experiment 1, the self-administered pre- 
load of glucose did depress the subsequent intake of chow. 

However, intake of chow following glucose did rise with 
deprivation. At the more severe deprivation levels, intake 
was about as high after a glucose preload as without one, as 
in Experiment 1. Therefore, chow intake after a glucose meal 
was controlled by an elastic satiety mechanism which per- 
_ mitted intake to rise with deprivation. This was so even 
though the immediately-preceding glucose meal was not af- 
fected by deprivation at all (see below). 

A three-way analysis of variance (deprivation x preload 
condition x subjects) was performed on these chow-intake 
data. The main effect of deprivation was not significant, 
F(2,10)=3.13. The glucose preload significantly depressed 
chow intake, F(1,10)=20.86, p<0.01, and the deprivation x 
preload interaction was significant, F(2,10)=35.73, p<0.01. 


Glucose 


In Fig. 3, the rising bars show intake of 2M glucose under 
the various experimental conditions. We see at once that 
none of these affected it at all. Offered first, it did not rise 
with deprivation (F<1). The rats drank just as much glucose 
when only mildly deprived as when severely deprived. We 
have seen this inelasticity before [17,18]. 

Moreover, glucose intake was not depressed following a 
preload of chow; and there was no suggestion of an interac- 
tion between deprivation and preload condition (both Fs<1). 
Offered glucose after chow, these rats, like those in Experi- 
ment 1, drank just as much as if the meal of chow had never 
occurred, at all deprivation levels. 

These complex and non-reciprocal effects stand in con- 
trast to the lasting inhibition that each commodity imposed 
on its own further consumption. For clarity, these data are 
omitted from the figures, but they can be described briefly 
here. 
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FIG. 3. Mean intake of glucose offered first (unmarked rising bars) 
or after chow (bars marked ‘‘2’’), at varying levels of deprivation. 
Symbols and body weights as in Fig. 2. 


After 30 min access to glucose, when glucose was offered 
again for the second 30 min, intake was negligible through- 
out, averaging 2.9 ml. This was significantly lower than in- 
take of glucose during the first session, t(5)=3.04, p<0.01. It 
did not vary with deprivation (F<1). 

This too is a finding we have seen many times before 
(e.g., [15, 16, 17]). Since glucose intake was not abolished, it 
does not reflect a failure to come into contact with the solu- 
tion during the second session. Rather it reflects a lasting, 
deprivation-insensitive, but highly specific, inhibition on 
further glucose-solution intake. 

Second-session intake of chow, after access to chow over 
the first session, also was low throughout, averaging 3.04 g. 
This was significantly lower than first-meal intake of chow, 
1(5)=2.81, p<0.05. It too was unaffected by deprivation 
(F<1). 


DISCUSSION 


These findings paint a picture that is complex but instruc- 
tive. 


Chow 


The intake of chow, during the first or the second half of a 
prolonged session, was unaffected by deprivation condi- 
tions. Although the data are not entirely consistent on this 
point, such invariance has often been reported before [1,11]. 


Chow After Glucose 


However, by presenting chow after a bout of glucose in- 
gestion, we uncover an “‘elastic’’ satiety mechanism that 
determines second-session intake. Intake of chow, after a 
glucose meal, varies with severity of deprivation. Indeed, at 
severe deprivation levels, it may rise to levels as high as 
would have occurred without prior glucose access. 

It is important to realize that this elastic ingestion of chow 
occurs after satiety for glucose has come into play, and at a 
time when it would continue to inhibit intake of glucose it- 
self. In other words, having drunk its meal of glucose during 
the first session, the rat still has room for substantial quan- 
tities of chow; and it has more such room, the more severely 
deprived it was when the session began. But that added elas- 
tic ‘‘room’’ is not used as space for more glucose, even in 
severely deprived rats. 

In these respects, the response to chow resembles the 
response to powdered glucose [17]. Intake of powdered glu- 
cose also rises with deprivation, even after satiety for glu- 
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cose in solution has brought solution intake to an end, and at 
a time when solution intake would remain inhibited if nothing 
else were offered. 


Glucose 


The amount of 2 M glucose ingested in a 30-min period is 
independent of deprivation level. And it reflects a satiety 
that is sufficient to inhibit further intake over a second such 
period. Both these results have been observed consistently 
in our previous work [15, 16, 17, 18]. 


Glucose After Chow 


The most surprising finding of Experiment | is replicated 
in the present data. A meal of chow, sufficient to markedly 
depress the further consumption of chow, has no effect at all 
on the subsequent consumption of 2 M glucose. We know 
that the intake of concentrated glucose solutions is limited by 
postingestive inhibition, which therefore determines the size 
of the glucose meal [13, 14, 19, 27]. The data therefore imply 
that the systemic effects of chow ingestion make no contri- 
bution whatever to that inhibition, at any deprivation level. 

It is worth emphasizing once again that the effects of 
dietary change per se—or conversely of *‘sensory-specific 
satiety’"°-—do not by themselves account for these complex 
and non-reciprocal effects. They might explain why rats eat 
more when the diet is changed at midpoint than when it is 
not. Our focus, however, is not on the fact that the rats 
resume eating after dietary change. It is on how much they 
eat after such change; i.e., on how rapidly the second bout of 
feeding is inhibited. And we find: 

(a) The postingestive inhibition, that limits glucose intake, 
comes into play no sooner if the rat has just had a full meal of 
chow than if it has not. Apparently the postingestive effects 
of the chow meal make no contribution to it. 

(b) That postingestive inhibition sets a limit on glucose 
intake that is independent of deprivation. But even after it 
has come into play, offering chow permits substantial further 
ingestion and permits amount eaten to rise with deprivation. 
It is as if the presence of chow recruits a new, elastic satiety 
mechanism, and substitutes it for the inelastic satiety mech- 
anism that has already come into play. We discuss this idea 
further below. 


EXPERIMENT 3 


This experiment was a replication with variations of the 
previous one, using pelleted instead of powdered chow, and 
animals with different experimental histories. 

In the previous experiment, the data suggested that se- 
vere deprivation abolishes the suppressant effect of glucose 
on intake of chow. We checked this point again in the pres- 
ent experiment, by imposing a quite severe deprivation reg- 
imen. 


METHOD 
Subjects 


Five female Sprague-Dawley rats (241 to 347 g free- 
feeding weight) served as subjects. These rats had been pre- 
pared with chronic nasogastric cannulas, using a variation of 
the method described by Kissileff [9]. The cannulas are 
irrelevant to the present concern, for these rats had been 
used in a series of experiments to be reported separately, 
prior to this one in which no use of the cannulas was made. 
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FIG. 4. Left panel: Mean intake of pelleted chow, offered first (un- 
marked rising bar) or after 2 M glucose (bar marked ‘*‘2’’). Right 
panel: Mean intake of 2 M glucose offered first (unmarked rising bar) 
or after chow (rising bar marked ‘*2’*). Symbols as in Fig. 1. 


Therefore, details of surgery and postoperative care will not 
be given here. 

These prior experiments had entailed intragastric infu- 
sions of glucose solutions, followed by access to 2M glucose, 
glucose powder, or pelleted chow. Pelleted chow was also 
offered as maintenance diet. Therefore, all rats were thor- 
oughly familiar with all commodities offered when the pres- 
ent experiment began. 


Procedure 


Experiment 2 suggests that glucose ingestion suppresses 


subsequent intake of chow, but only if the rats are not se- 
verely deprived. To check this point, we reduced these rats 
to 80% of their free-feeding weight by limited rations of food, 
offered each day at the end of the session. After weights had 
stabilized, a further restriction was added to this already 
stringent regimen: The rats were allowed access to food for 
only 2 hr a day, from 10 a.m. to 12 noon. This caused further 
weight loss, with stabilization at 76% of ad lib weight. 
Weights had been stable for at least a week when the present 
experiment began. Experimental sessions began each day at 
9 a.m., following 21 hr deprivation. 

The experiment was conducted in two phases. In the first, 
we examined the effect of glucose intake on subsequent in- 
take of chow. Two conditions were compared in ABA order. 
In (A), a 2 M glucose solution was offered for 30 min follow- 
ing the 21-hr deprivation. After that, laboratory pellets were 
offered for 30 min. In (B), the pellets were offered for 30 min 
without prior access to glucose. 

In the second phase, we looked at the converse case: the 
effect of chow intake on subsequent intake of glucose. Two 
conditions were compared in ABA order. In (A), 2 M glucose 
was offered for 30 min with no prior access to chow. In (B), 
pelleted chow was offered for 30 min first. The 30-min access 
to 2M glucose followed. 


RESULTS 


Intake of pellets, offered after deprivation with no pre- 
load, averaged 5.96 g. When pellets were offered following 2 
M glucose, average intake was reduced to 4.48 g (Fig. 4, 
rising bars in left panel). The difference is small, but it is 
consistent and marginally significant; 1(4)=2.14, p<0.05, 
one-tailed. Therefore, even in severely deprived rats, inges- 
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tion of a glucose solution can suppress subsequent intake of 
laboratory chow. 

In the reverse sequence, we see once again the total fail- 
ure of a prior pellet meal to suppress the intake of 2 M 
glucose (Fig. 4, rising bars in right panel), In this case, solu- 
tion intake following a pellet meal was actually significantly 
higher than intake without a prior meal; 1(4)=4.37, p<0.01. 


DISCUSSION 


In this experiment, we asked whether a 2 M glucose pre- 
load would again fail to suppress the subsequent intake of 
laboratory chow in severely deprived rats. It did not. Even 
though we imposed a severe deprivation regimen in these 
rats, this time there was a small but reliable suppressant 
effect of glucose on chow intake. 

Perhaps the most conservative conclusion on this matter 
is that ingestion of such a solution can suppress chow intake 
even in very hungry rats. The effect is small, however, and 
easily obscured by sampling fluctuations and/or by seem- 
ingly minor procedural variations. Perhaps that is why our 
other experiments did not reveal it (though the correlational 
data from Experiment | suggest it as well). 

As to the converse sequence, the data are consistent with 
the others reported here: Intake of chow does not at all in- 
hibit the subsequent intake of 2 M glucose. In these data it 
actually appeared to enhance it, though we would judge the 
enhancement to be an accident of sampling, for we have not 
seen it elsewhere in these investigations. Certainly there is 
no suggestion that the chow meal had any depressant effect 
whatever on subsequent intake of glucose. 


EXPERIMENT 4 


This experiment was a control experiment, directed at a 
possible artifact in the previous ones. It is well known that 
rats, following a meal of dry food, drink substantial quan- 
tities of water (e.g., [8]). One may wonder whether the high 
intake of 2 M glucose, following a pellet meal, actually re- 
flects postprandial thirst rather than hunger. We show that it 
does not. 


METHOD 
Subjects 


The subjects used in the previous experiment also served 
in this one, which followed immediately. They continued to 
be maintained on the 21-hr deprivation schedule that was in 
force before. 


Procedure 


Two conditions were compared in ABBA order. In (A), 
the rats were first given pelleted chow for 30 min, and then 
offered water for 30 min. In (B), a 2 M glucose solution was 
offered instead of water, following access to chow. 


RESULTS AND DISCUSSION 


Following a meal of pellets, intake of 2 M glucose aver- 
aged 13.0 ml, a value comparable to those seen in the previ- 
ous experiment. Under the same conditions, intake of water 
averaged only 3.30 ml; 1(4)=6.55, p<0.01. 

Clearly, the response to 2 M glucose after a pellet meal is 
more than an expression of postprandial thirst. It must re- 
flect a response to the solution as a food, or as a palatable 
commodity, or both. 
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FIG. 5. Mean intake of 2 M glucose (open bars) and milk (filled 
bars). Bottom bars represent first-session intake; top bars, second- 
session intake. At each deprivation level, the first-session intake 
shown is the average intake for all sessions at that level. 


EXPERIMENT 5 


In this experiment and the following one, we explored the 
relations between another diet and the glucose solution. This 
time the diet was another liquid food, milk. The milk was 
sweetened condensed milk (Borden’s, Eagle Brand), diluted 
by half with water. 


Subjects 


Six male rats were used as subjects, Their histories are 
given with Experiments 6 and 7, which were conducted im- 
mediately prior to this one. 


Procedure 


The rats were first tested as described below, after reduc- 
tion to 80% body weight. Then they were fed ad lib and 
weighed weekly until the body-weight curves had inflected, 
permitting a new estimate of free-feeding weight. After that, 
the series of manipulations described below were performed 
again. Then the rats were reduced to 95% of their new free- 
feeding weights and maintained there by restricted feeding 
while the manipulations were performed again. Finally, they 
were reduced to 80% of free-feeding weight and the manipu- 
lations were repeated once more. 

We should note that this sequence provides an ABA se- 
quence as a control for order effects. The rats were tested 
while severely deprived, non-deprived, and deprived again. 

At each deprivation level, two experimental conditions 
were imposed in counterbalanced order. The rats were first 
offered access to 2 M glucose for 30 min. After that, either 
the solution was left in place (with removal and replacement) 
for an additional 30 min, or the milk diet was offered for 30 
min. Fluid levels were read to 1 ml. 


RESULTS 


Figure 5 shows intake at varying levels of deprivation. 
The lower bars show intake of 2 M glucose during the first 
30-min session. As we have found before ({17,18] and Exper- 
iment 2), this changed only slightly and not significantly with 
deprivation, F(2,10)=1.25. 

The upper bars show intake during the second 30-min 
interval. Also as we have seen before, the initial intake of 2 
M glucose produced a lasting satiety for that solution: intake 
over the second session was minimal throughout. But under 
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the same conditions, intake of milk was appreciable, and it 
did increase with deprivation. 

Analysis of variance (commodity x deprivation xsub- 
jects) over the second-session data reveals a significant ef- 
fect of commodity, F(1,5)=48.22, p<0.01; a significant effect 
of deprivation, F(2,10)=12.96, p<0.01; and a significant 
commodity x deprivation interaction, F(2,10)=4.16, 
p<0.05. Analysis of the simple effects supports what inspec- 
tion of the figure suggests: Intake of milk rose with depriva- 
tion, F(2,10)=10.09, p<0.01. Second-session intake of glu- 
cose did not, F(2,10)=2.05, ns. 

Thus we see again that the liquid diet can reinstate vigor- 
ous ingestion in the solution-s yted rat [20]. Moreover, intake 
of milk is elastic. Amount ing: sted increases with depriva- 
tion. And as with chow, this happens even after the inelastic 
satiety mechanism for glucose has taken hold, and at a time 
when it continues to inhibit further glucose consumption. 


EXPERIMENT 6 


We have shown that intake of milk is substantial, even in 
rats satiated for 2 M glucose. Now we ask: Does satiety for 
either commodity affect intake of the other at all? It does, 
and in both directions. 


Procedure 


Six naive male rats served as subjects. They were re- 
duced to 80% body weight over a 10-day period during which 
they were familiarized with both experimental commodities. 

On the two experimental days, two conditions were com- 
pared in counterbalanced order. In one, 40 min access to 2 M 
glucose was followed by 40 min access to milk. In the other, 
the sequence was reversed. The design is the same as in 


Experiment | above, and permits the equivalent compari- 
sons. 


RESULTS 


Mean intake values are shown in Table 1. Again we see 
that after access to glucose, milk intake is considerable. 
However, it is much depressed relative to ingestion without 
prior glucose, #(5)=6.605, p<0.01. 

This time, the converse case holds as well. Intake of 2 M 
glucose is depressed by prior intake of another commodity, 
milk; #(5)=5.43, p<0.01. 


DISCUSSION 


In these data, we find substantial cross-satiation between 
two commodities, milk and 2 M glucose. Inasmuch as both 
are highly palatable and high in carbohydrate, this result is 
not surprising. It is worth documenting nevertheless, for two 
reasons. First, if ‘‘satiety’’ were a single state reflecting a 
single set of mechanisms, we would have expected to see 
such cross-satiety between any two nutritive commodities. 
But we have not. 

Second, as we have seen, milk triggers an elastic satiety 
mechanism, 2 M glucose an inelastic one. The data therefore 
show that satieties with different properties can contribute to 
each other in both directions—the first such case we have 
seen in this report. 


EXPERIMENT 7 


This was again a control experiment to assess the possible 
role of thirst. In this case, since a liquid diet was offered 
following access to a concentrated glucose solution, we must 


TABLE 1 


DE-SATIATION AND CROSS-SATIATION BETWEEN GLUCOSE 
AND MILK 





Mean intake (ml) 


Commodity Glucose 





As first meal 

As second meal 
After glucose 
After milk 





consider the possibility that the hypertonic glucose solution 
evoked thirst that in turn led to milk ingestion. We find, as 
have others [6], that even hypertonic glucose solutions have 


“no such effect. 


Procedure 


At the end of the experiment just described, the rats were 
offered 2 M glucose at the usual time for 40 min. During that 
time, and for an additional 40 min afterward in the absence of 
food, a calibrated cylinder containing tap water was made 
available. 


RESULTS AND DISCUSSION 


None of the six rats drank any measurable amount of 
water, either during or after the period of glucose access. 
Clearly thirst was not a factor in the response to milk. 


GENERAL DISCUSSION 


In all of these experiments, we assume that what deter- 
mines amount ingested is the rapidity of onset of postingest- 
ive inhibition; i.e., of satiety. 

It is well established that the specific satiety, that limits 
intake of glucose at high concentrations, is postingestive. 
Sham-drinking conditions markedly augment the oral intake 
of such solutions (e.g., [14, 19, 27]) ; without postingestive 
inhibition, rats will pass as much as 80 ml through the 
oropharynx in 40 min [19]. Conversely, gastric infusions of 
glucose solution (bypassing the taste receptors) depress the 
concurrent [14,19] or subsequent [13] oral intake of such 
solutions. 

Intake of concentrated glucose solutions, then, is limited 
by postingestive inhibition. So is satiety for milk-based liquid 
diets, on similar evidence [12,26]. And while there is less 
direct evidence on this point, for sham-feeding studies are 
difficult to conduct with solid food in rats, it seems very 
likely that satiety for chow is also largely postingestive, in rat 
as in dog [5,7]. 

Our concern then is with the relations among these 
postingestive satiety mechanisms. And the data show that 
those relations are unexpectedly complex. 


Elastic and Inelastic Satieties 


First, different satiety mechanisms can be distinguished 
by the sensitivity of amount ingested to the severity of depri- 
vation. In some cases, intake rises with deprivation, reflect- 
ing what we call an ‘‘elastic’’ satiety mechanism. In others, 
deprivation does not affect ingestion; satiety is ‘‘inelastic.”’ 

What distinguishes these two cases remains unknown, 
but some obvious possibilities can be ruled out: 
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(1) The difference does not correspond to a difference in 
nutrient composition. Intake of 2 M glucose is inelastic; but 
intake of more dilute glucose solutions is elastic [17,18]. So is 
a form of the same nutrient that lies at the other extreme: 
glucose in powdered form [17]. 

(2) It does not correspond to a division between solid and 
liquid foods. Intake of 2 M glucose is inelastic; intake of milk 
is elastic (the present data). 

(3) It does not map onto a palatability dimension. A 2 M 
glucose solution is more palatable than chow, as indicated by 
its support of a large meal in rats maintained on chow ad lib 
[3]. Milk is more palatable than 2 M glucose as indicated by 
choice tests (unpub). But the intake of milk is elastic; intake 
of chow is elastic at least under some conditions (Experi- 
ment 2); and intake of 2 M glucose, lying between the other 
two in palatability, is inelastic. 

Further explorations will be necessary to determine what 
specific postingestive signals are modulated by deprivation 
level. What is clear is that some are, and some are not; and 
that in different diets, one or the other kind of signal is the 
one that ends the ingestive bout, thus determining its size. 


Relations Among Satiety Mechanisms 


Apart from their different functional properties, different 
satiety mechanisms can interact with each other in a number 
of ways: 

(1) Facilitation. This term describes any case in which 
eating one commodity, A, depresses the subsequent intake 
of another commodity, B. That would imply that the sys- 
temic effects of A augment or accelerate the postingestive 
mechanism(s) that inhibit intake of B. 

In some cases, facilitation is reciprocal. We see this rela- 
tion between 2 M glucose and milk (Experiment 6). Ingestion 
of either one contributes to a mechanism that depresses the 
subsequent consumption of both. If ‘‘satiety’’ were a single 
State or variable, this reciprocal facilitation should be the 
rule, but it is not. The relation can be non-reciprocal: Inges- 
tion of 2 M glucose can facilitate satiety for chow (Experi- 
ments 1, 2, and 3); but we have not yet seen the converse. 

Moreover, we have seen other relations: 

(2) Occlusion. This term describes any case in which in- 
gestion of A satiates the rat for A and B, whereas ingestion 
of B produces satiety for B but not A. We would then say 
that the A satiety mechanism occludes the B one. We have 
seen a case of this in Experiment 2: in rats that are not very 
hungry, ingestion of 2 M glucose produces satiety for the 
solution and for chow, but the converse is not true. And we 
have seen it elsewhere [16]. Ingestion of powdered glucose 
inhibits the subsequent consumption of more powdered glu- 
cose, and of glucose in solution. The converse is not true; a 
rat satiated for 2 M glucose responds avidly to glucose pow- 
der when it is offered. Therefore, satiety for glucose powder 
occludes satiety for 2 M glucose. 

(3) Independence. This term applies when ingestion of A 
has no effect on subsequent intake of B. Thus these experi- 
ments show that the mechanisms that limit intake of 2 M 
glucose are independent of the mechanisms that limit chow 
intake. In three separate replications totalling 23 rats, we 
have seen that the systemic effects of chow ingestion make 
no contact at all with the mechanisms that limit glucose in- 
take, thus determining amount ingested (Experiments 1, 2, 
and 3). Intake of 2 M glucose is the same, whether or not the 
animal has just eaten chow to satiety. And this is true 
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whether the animal is severely deprived, moderately de- 
prived, or hardly deprived at all when the session begins. 


The Substitution of Satieties 


It is not in itself surprising that intake of different com- 
modities should be subject to different limiting mechanisms. 
The evidence is strong that satiety is a multiple-control sys- 
tem incorporating different inhibitory mechanisms, each 
sufficient, and none necessary, to end an ingestive bout. 
Food in the stomach can inhibit feeding even if it does not 
reach the intestine [2]. Conversely, food in the intestine can 
inhibit feeding even if it has not passed through the stomach 
[12]. 

Perhaps different commodities activate the various 
postingestive systems at different rates. As an example, sup- 
pose that solid food fills the stomach faster than a glucose 
solution does, whereas the solution reaches duodenal recep- 
tors more rapidly than chow does. If so, then in each of the 
two cases a different inhibitor would be first to come into 
play. 

We shall not speculate further along these lines, for we 
must consider yet another complication. A change in the 
commodity offered must recruit one set of satiety mech- 
anisms, and disengage the other. It must transfer control 
from one to another satiety mechanism or set of mech- 
anisms. 

The data imply this conclusion in two ways. First, meal 
size for a given commodity can be unaffected by a prior meal 
of the other. To continue the above example: If a rat eats as 
much glucose after a “‘satiating’’ chow meal as without one, 
then offering glucose must cause it to ignore its full stomach. 
Conversely, if a rat eats as much chow after a “‘satiating”’ 
glucose meal as without one, then offering chow must cause 
it to ignore its stimulated duodenum. The reciprocity of this 
effect shows that either of the two satiety mechanisms can be 
disengaged, and neither is more potent than the other in any 
absolute sense. 

Second, we have seen that substituting commodities can 
change the mechanism of satiety from an inelastic to an elas- 
tic one. Having drunk its fixed quantity of 2 M glucose, the 
rat has room for substantial amounts of milk or of chow; and, 
more important, the room increases as deprivation is made 
more severe. But that ‘‘room’’ is not available as a place to 
put more 2 M glucose. The added, elastic space seems to 
become available only when the chow or the milk is actually 
encountered. 

We have therefore proposed [16] that ingestion involves a 
feed-forward system, such that the stimulus properties of the 
diet select which of several satiety mechanisms, each with 
different properties, will operate to end the meal. When the 
commodity offered for ingestion is changed, the properties of 
satiety change correspondingly, suggesting that a new satiety 
mechanism is recruited and the previous one disengaged. 


Is There Such a Thing as Satiety? 


The most general conclusion, implied by all the others, is 
this: Rather than speaking of ‘‘satiety’’ per se, we must 
speak of ‘‘satiety for this’’ and ‘‘satiety for that’’ (compare 
[22,24]). A specific postingestive signal that inhibits intake of 
one food, may or may not have any inhibitory effect on 
intake of another. A single state or variable of ‘‘satiety’’ in 
the abstract, whose adequate stimulus is ‘‘food’’ in the 
abstract [26] and which inhibits ‘‘hunger’’ in the abstract, 
probably does not exist. 
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MOOK, D. G., S. DREIFUSS AND P. H. KEATS. Satiety for glucose solution in rat: The specificity is postingestive. 
PHYSIOL BEHAV 36(5) 897-901, 1986.— Rats that have drunk a concentrated glucose solution to satiety, and will drink 
no more of it if access is prolonged, will return to vigorous ingestion if offered carbohydrate powder or laboratory chow. 
We show that this specificity of satiety is maintained even if the initial glucose load is delivered directly to the stomach, 
bypassing the stimuli and the responses associated with spontaneous ingestion. Therefore, the specificity of satiety for 


glucose does not reflect sensory- or response-specific satiety. 


Feeding Satiety Glucose 





IN previous reports [8, 9, 11], we have shown that ingestion 
of glucose solutions by hungry rats ends with a satiety that is 
prolonged, but also specific. A rat that is satiated for glucose 
in solution, and will drink no more of it when access is pro- 
longed, will promptly return to ingestion when offered lab- 
oratory chow, milk, or even glucose itself in powdered form. 
The resulting bout of ingestion, which we call a “second 
meal’’ for short, may lead to caloric intake as high as or 
higher than the initial ‘‘first meal’’ of glucose in solution, 
which led to satiety for that solution. 

Since the postingestive inhibition that prevents further 
solution intake is promptly relaxed when powder is offered, 
we have referred to this phenomenon as ‘‘de-satiation’’ of 
the solution-sated rat. We have shown that it is not a re- 
sponse to increasing palatability; both laboratory chow [5] 
and glucose powder [10] are less palatable than a glucose 
solution, not more. 

In this investigation, we ask: Does the specificity of sati- 
ety for glucose solutions reflect an oropharyngeal mech- 
anism? There are several ways in which it might: (1) The end 
of the first meal of solution could reflect acquired stimulus 
control over the response of stopping-drinking; i.e., *‘con- 
ditioned satiety’’ [2]. Changing the commodity could 
reinstate feeding by removing the conditioned inhibitory 
stimuli. (2) It could reflect habituation or “‘sensory-specific 
satiety."’ Perhaps the rat becomes unresponsive to an un- 
varying commodity but remains responsive to a novel one 
[16]. We have presented evidence against this possibility 
[10], but further evidence is obviously desirable. (3) It could 
reflect a response-specific satiety, or ‘resistance to satia- 
tion’’ [14]. The argument here is that the postingestive inhi- 
bition robs the solution of its reinforcing properties, so that 
lapping undergoes temporary extinction. A different food 
may require a different consummatory response (e.g., chew- 
ing); and this response has not undergone extinction because 
it has not yet been emitted. Offering solid food therefore 
reinstates ingestion. 





These three possibilities are considered together because 
they have this implication in common: Solution intake is 
selectively inhibited because of some mechanism triggered 
by passage of the solution through the oropharynx. 

If that is so, then the specificity of satiety for glucose 
solutions should be lost if the solution does not pass through 
the mouth. If an amount of solution is pre-loaded that suf- 
fices to abolish orai intake of the solution, then the rat should 
refuse to eat other foods as well as refusing to drink any 
more of the solution. This prediction was tested in the exper- 
iments to be reported here. We will show that it fails: The 
satiety for glucose solution retains its specificity, even if the 
solution activates only postingestive controls. 


GENERAL METHOD 
Subjects 


Adult female Sprague-Dawley rats were used as subjects. 
Their weights are given separately in the two experiments to 
be reported. 


Apparatus 


The rats were observed in their home cages, made of wire 
mesh, 202518 cm; or in circular wire mesh metabolism 
cages, 23.5 cm diameter x 16.5 cm high. The rats were main- 
tained in a climate-controlled room on a 12:12 light-dark 
cycle with light onset at 7 a.m. 

Experimental fluids were offered in inverted graduated 
cylinders, with metal drinking spouts inserted through rub- 
ber stoppers. Fluid intakes were measured to 1 ml. Pow- 
dered sucrose’ was offered in metal cups, 4x8 cm diameter, 
bolted to squares of wire mesh to prevent their being over- 
turned. The use of relatively small quantities of food, cover- 
ing the cup floors to a depth of no more than 1 cm, virtually 
eliminated spillage with these cups. Pelleted food, when 
used, was scattered on the cage floor. Intake of solid food 


1Previous work [10] has shown a stronger de-satiation effect of sucrose than of glucose when each is offered in powdered form. 
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was measured to 0.1 g. Water was available ad lib through- 
out. 

The basic procedure was as follows. During an initial 
30- or 40-min period, a concentrated glucose solution (2 M) 
was Offered to the rat. This is a concentration we have found 
to produce the specific satiety under study [10]. There then 
followed a second 30- or 40-min period, during which either 
the original solution remained available (after removal and 
replacement), or another food was offered instead. 

These intervals were chosen on the basis of previous ex- 
periments. We have consistently found (e.g., [8, 9, 10, 11]) 
that when a food-deprived rat is offered 2 M glucose, pow- 
dered carbohydrate, or laboratory chow, the resulting bout 
of ingestion is completed within the first 30 min of access. 
Little or no ingestion occurs over the remainder of a 60- or 
80-min session. Therefore, a commodity offered during the 
second such interval is offered when there is satiety for the 
original commodity. 

Procedural variations will be described with the individ- 
ual experiments. 


Treatment of the Data 


All experiments employed within-subjects designs. 
Statements of significance are based on within-subjects 
t-tests or analysis of variance. 

When conditions were repeated within an experiment, as 
in ABA or ABBA designs, the measures under each such 
condition were averaged for each rat. The resulting averages 
were used for statistical analysis. 


EXPERIMENT | 


In this first experiment, we looked at the response to 
powdered carbohydrate in rats satiated for glucose solution, 
after either oral intake or gastric preloads of that solution. 

METHOD 
Subjects 


Six female rats, experimentally naive, served as subjects. 
They weighed 280 to 320 grams prior to surgery. 


Surgery 


The rats were prepared with nasogastric cannulas, using a 
modification of the method of Epstein [4]. All surgery, in this 
experiment and the one described later, was conducted 
under pentobarbital anesthesia (45 mg/kg IP), after atropine 
pretreatment (0.16 mg IP). Surgery was followed by a 
prophylactic dose of penicillin (30,000 U IM), and the rat was 
permitted to recover in a plastic cage under heat. 

A length of PE-50 tubing, heat-bent to shape, was passed 
through the naris and the nasopharynx into the stomach. Its 
free end was passed through a break in the nasal cartilage 
and under the skin of the snout to emerge from an incision in 
the scalp. There it was press-fit over a 23-ga hypodermic 
needle, with tip cut off and bent to a 60-degree angle. The 
needle was fixed to the skull with screws and dental cement. 
The scalp incision was closed with silk sutures. 

Injection apparatus could then be attached to the ex- 
teriorized hub of the hypodermic needle. When not in use, 
the cannula was closed with a rubber plug, taken from the 
plunger of a 1-cc disposable syringe. 
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FIG. 1. Mean oral intake of 2 M glucose (open bars) or sucrose 
powder (filled bars). Lower panel: First-session intake. Upper 
panel: Second-session intake. The horizontal axis shows the per- 
centage of spontaneous intake preloaded intragastrically. 


Procedure 


This experiment was conducted in the rats’ home cages. 
After recovery from surgery, the rats were offered pelleted 
chow (Purina) from | to 5 p.m. Food was then withdrawn 
and the rats tested at 11 a.m., following 18 hr food depriva- 
tion. Initially, a 2 M glucose solution was offered for 40 min 
until intake had stabilized. Then the experiment itself began. 

Each experimental condition consisted of a 3-day ABA 
sequence. In (A), a 2 M glucose solution was offered the rat 
for 40 min, removed and replaced, and offered for a second 
40 min. In (B), 2 M glucose was offered as usual for the first 
40 min; but over the second 40 min, sucrose powder was 
offered. 

There were four such experimental conditions, consisting 
of varying amounts of 2 M glucose delivered as preloads: 0 
(sham infusion), and 50%, 100%, and 150%, of the average 
first-session intake of 2 M glucose during the last 4 baseline 
days. The average was computed separately for each rat, and 
the volumes pre-loaded were adjusted accordingly. These 
conditions were imposed in an order randomized independ- 
ently for each rat; thus we have ABA sequences embedded 
within a random-order design. 

Infusions were administered by hand. The rat was placed 
in a weighing pan, permitting restriction without manual re- 
straint. Its cannula was connected through flexible tubing to 
a syringe, from which the 2 M glucose was injected into the 
stomach at about | ml/sec. The first 40-min measurement 
session began 5 min following the end of injection or sham 
injection. 


RESULTS 


The results are shown in Fig. 1. For this purpose, all 
intake values were converted to kilocalories so as to place 
fluid and solid-food intakes on a common scale. 

Look first at the bars in the lower panel. These represent 
mean oral intake of solution during the first 40 min of access 
following infusion or sham infusion, averaged over each 
3-day sequence. 

Intake was depressed progressively by the preloads; and 
the effect is significant, F(13,15)=17.31, p<0.01. This effect 
of course is well-known [2]. At the highest volumes injected 
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(100 and 150% of baseline), intake was virtually abolished 
(see below); at 150% it was immeasurable on all 3 days, in 3 
of the 6 rats. 

The top portion of the figure shows mean intake during 
the second 40 min. The open bars show solution intake, 
when glucose remained available after the initial 40 min of 
access. 

We see that these intakes were negligible in all cases. 
Therefore, the postingestive effects of the solution, whether 
it was drunk by the rat or injected by the experimenter, held 
intake of the solution in check throughout the second half of 
the session. In particular, a preload that abolished oral intake 
(100 or 150%), did so over the entire 80-min session. Hunger, 
at least for glucose solution, did not return during the second 
40 min of the session. If it had, it should have led the rat back 
to the cylinder for further drinking of the solution, but this 
did not happen. 

The filled bars show mean intake of sucrose powder when it 
was substituted for the 2 M solution over the second 40 min. 
Intake of the powder was substantial in all cases. Even after 
a gastric load that totally abolished solution intake over an 
equivalent period, the rats ate appreciable amounts of pow- 
der. 

More specifically: The data following sham preload show 
the original *‘de-satiation”’ effect [9,10]. After drinking the 
solution to satiety during the first session, the rats ate sub- 
stantial amounts of sucrose powder when it was offered 
(filled bar), though further solution intake under the same 
conditions remained inhibited (open bar). 

After a 50% preload, the second-session intakes were 
about the same as after sham preload. This is to be expected, 
for the rats simply drank up the difference during the first 
session (lower bar). 

The remaining conditions permit the comparisons 
specified by the hypothesis under test. When a preload equal 
to or greater than 100% of spontaneous oral intake was ad- 
ministered, subsequent oral intake was virtually abolished; 
the small first-session intake value shown at 100% was not 
significantly different from zero, 1(5)=2.01, ns. The inhibi- 
tion on intake persisted over the second 40 min; intake over 
that period was negligible and, in individual rats, often im- 
measurable. But when powdered sucrose was substituteu 
over the second 40 min after a 100% or 150% preload, intake 
was significantly higher than second-session solution intake, 
t(5)=3.077, p<0.0S. 

Over-all statistical analysis of second-session intake sup- 
ports these conclusions. Significantly more powder than 
solution was ingested, F(1,5)=32.31, p<0.01. The volume of 
the preload had a significant effect, F(3,15)= 10.02, p<0.01. 
And the volume < commodity interaction was significant, 
F(13,15)=14.36, p<0.01, reflecting the progressive depres- 
sion of second-session powder intake, in contrast to the 
second-session solution intake which was negligible 
throughout. 


DISCUSSION 


What these data show is that the postingestive effects of a 
concentrated glucose solution can produce satiety for that 
solution, but not for powdered sugar. This is true even if the 
solution does not pass through the mouth. Thus the specific 
satiety that inhibits solution intake, but leaves the rat ready 
for avid ingestion of powdered carbohydrate, can be 
produced by postingestive mechanisms alone. 

Gastric preloads of solution do have some depressant 
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effect on powder intake. This is to be expected, for the 
postingestive fate of solution and of powder must rapidly 
converge [10]. No doubt still larger gastric loads could 
abolish intake of powder too. The important point, however, 
remains: There is a range of glucose-solution preload vol- 
umes that abolish further solution intake but permit appreci- 
able intake of powder. And that range of volumes is about 
the same, whether or not the solution passes through the 
mouth. An intragastric preload that leaves the rat fully 
satiated for glucose in solution, can leave it hungry for 
carbohydrate in powdered form. 


EXPERIMENT 2 


In this experiment we looked at the response to pelleted 
laboratory chow, in rats satiated for solution by intragastric 
preloads. 


Subjects 


Six female rats, prepared with nasogastric tubes as in the 
previous experiment, served as subjects. Their preoperative 
weights ranged from 251 to 340 g. 


Procedure 


The rats were food deprived from 5 p.m., and tested at 9 
a.m. after 16 hr deprivation. The day’s pellets were made 
available at the completion of experimental measurements. 

When the rats were observed in metabolism cages, each 
rat’s cannula was connected through flexible plastic tubing 
to a remote syringe, from which infusions were delivered by 
hand. 

In the course of related experiments not reported here, 
these rats had become accustomed to drinking 2 M glucose in 
metabolism cages, with injection apparatus in place; and 
then receiving either laboratory pellets, or further access to 
the solution, in their home cages. 

This experiment was conducted in two phases. First, we 
established the specificity of satiety produced by a glucose 
load ingested orally. Each session began with 30 min in 
which 2 M glucose was offered in the metabolism cages, with 
injection apparatus in place but no injections given. Intake 
was recorded at 5 min intervals. This was followed by 30 min 
in which glucose was offered again (A), or pellets were made 
available (B), in the home cage with cannulas unconnected. 
The two conditions were compared in ABBA sequence. 

In the second phase, the rats were placed in the metabo- 
lism cages and their cannulas connected as before. No fluid 
was offered for oral ingestion, but each rat received an infu- 
sion, on two consecutive days, that matched the time course 
of its highest intake over the previo ‘s 4 days. It was then 
offered either 2 M glucose (A), or pelle .s (B), for the next 30 
min in its home cage. In the latter case, weighed quantities of 
pellets were scattered over the cage floor, and were weighed 
again with collected spillage at session’s end. Conditions (A) 
and (B) were imposed in counterbalanced order. 


RESULTS AND DISCUSSION 


During the first phase of the experiment, spontaneous 
glucose intake during the first session averaged 14.4 ml (19.4 
kc). There was, of course, no spontaneous intake during the 
corresponding period in the second phase; matched infusions 
were given instead. 

Figure 2 shows the second-session findings. As we see in 
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FIG. 2. Mean second-session intake of chow (filled bars) or 2 M 
glucose (open bars), after oral ingestion or a matched intragastric 
load of 2 M glucose. 


the left panel, oral intake of glucose virtually abolished 
second-session intake of glucose, and the change in external 
setting did not disinhibit it. Intake of pellets, however, was 
substantial, as in previous experiments [9]; and significantly 
higher than glucose intake, 1(5)=6.58, p<0.01. 

The right panel shows that the results were the same 
when first-session glucose was delivered without oral stimu- 
lation. Intake of powder again was significantly higher than 
further glucose intake, #(5)=5.22, p<0.01. 

Caloric intakes are shown in the figure for ease of com- 
parison. Pellet intake in grams was 4.04 after oral glucose, 
3.36 after intragastric glucose, t<1. 

Once again, with a different deprivation schedule and a 


different second-session commodity, the specificity of glu- 
cose satiety is apparent. A glucose load inhibits the further 
consumption of such a solution. But it leaves the rat ready 
for substantial further ingestion if offered another food. And 
this is so even if the glucose load does not pass through the 
oropharynx. 


GENERAL DISCUSSION 


In these experiments, we have seen that the exclusively 
postingestive effects of a glucose solution are sufficient to 
produce a specific satiety for that solution. After a glucose- 
solution load that does not pass through the mouth, the rat 
refuses further glucose solution, but is ready for avid inges- 
tion when offered powdered carbohydrate (Experiment 1) or 
pelleted chow (Experiment 2). Offering either of these 
produces ‘‘de-satiation’’ [9,10] and a vigorous bout of 
further ingestion. Therefore, the de-satiation phenomenon 
does not reflect stimulus- or response-specific satiety, since 
neither the stimuli nor the response associated with glucose 
ingestion has occurred. Nor does it reflect a selective con- 
ditioned satiety. 

Why then does it occur? First, we might suppose that the 
second commodity is more palatable than a 2 M glucose 
solution. This clearly will not do for the pellet data, for pel- 
leted chow, in rats maintained on it, is clearly a less powerful 
stimulus to feeding than a glucose solution is [5]. And there is 
no evidence that carbohydrate powder is more palatable than 
a solution is; if anything, it is less so. Hungry rats choose 
carbohydrate solutions in preference to powders if offered 
the choice [10]. And in non-deprived rats, solutions of glu- 
cose in the 0.2 to 2 M range will trigger substantial bouts of 
ingestion [5,11], but carbohydrates powder will not [11]. Fi- 
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nally, rats gain more weight if liquid rather than powdered 
carbohydrate is offered along with standard food [6], a fact 
attributed to greater palatability of the solution [18]. 

If the absolute potency of food stimuli does not account 
for what we see, the discriminative or identificational prop- 
erties of food stimuli may sometimes play a role. For exam- 
ple, the pellet data might reflect a specific hunger for protein 
or other nutrients, in rats satiated for carbohydrate [15,17]. If 
this is so, it still implies that the postingestive effects of one 
nutrient can selectively affect the response to foods with 
different properties—the properties that identify some foods, 
but not others, as (e.g.) protein sources. However, such a 
mechanism still cannot account for all cases of de-satiation, 
which can occur between commodities that are nutritionally 
identical [10,11]. 

In any case, it is clear that acute postingestive events 
affect, selectively, the animal's responsiveness to the sen- 
sory properties of the foods we offer. How might that hap- 
pen? We see two possibilities: (1) Postingestive inhibition 
might feed back to affect the potency of food stimuli in trig- 
gering and maintaining ingestion; or (2) food stimuli might 
feed forward to determine the postingestive conditions nec- 
essary for satiety. 

(1) Perhaps postingestive inhibition selectively depresses 
the effectiveness of certain food stimuli [3,19]. It might 
selectively rob these stimuli of their reinforcing potency (or 
releasing potency, or palatability, as the reader prefers). This 
possibility, however, cannot account for the properties of 
de-satiation without further assumptions. To see why, we 
must consider some further complications. 

(a) Different commodities appear to have satiety mech- 
anisms with very different properties. With concentrated 
glucose solutions, for example, meal size does not rise with 
severity of prior deprivation. Since meal size is under 
postingestive control [7], this implies that postingestive in- 
hibition sets a limit on ingestion that is independent of depri- 
vation level [8,12]. But with chow, and carbohydrate pow- 
ders, meal size does rise with deprivation. That implies that 
meals of these commodities are limited by satiety mech- 
anisms that are sensitive to deprivation [8,11]. 

(b) Changing the diet can change the properties of the 
controlling satiety mechanism. When chow or glucose pow- 
der is offered after satiety for glucose solution has come into 
play, the intake that ensues varies with deprivation, even 
though the immediately-preceding intake of solution did not 
[8,11]. 

In other words, offering powdered carbohydrate or 
pelleted chow does not only produce renewed feeding in the 
solution-sated rat. It also changes the properties of the in- 
hibitory mechanisms that end the meal and thus determine 
meal size. It can make intake responsive to deprivation con- 
ditions, whereas before, when only the solution was offered, 
it was not. 

All this suggests that presenting a different diet produces 
a change in the necessary conditions for satiety, and changes 
their responsiveness to modulating factors such as depriva- 
tion level. This takes us to the second interpretation of the 
facts, the one we have proposed [10]. 

(2) Feeding may involve a feed-forward system, such that 
the stimulus properties of the food set the necessary 
conditions—the internal criterion—for satiety. If so, then 
when the food is changed, the criterion can be re-set to more 
permissive values, or be made responsive to deprivation 
level, or both. 

In other words, it seems that satiety for a glucose solution 





SPECIFIC SATIETY 


reflects one postingestive mechanism or set of mechanisms. 
Then, access to chow or powder must feed forward to reset 
the necessary conditions for satiety, recruiting a new satiety 
mechanism with different properties. The feed-forward 
component appears necessary because this happens only 
when, and if, the chow or powder is actually encountered. If 
the second commodity is withheld (as in an 80-min session of 
access to solution), intake remains inhibited over the second 
half of the session. Therefore, we suggest that the stimulus 
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properties of the powder must feed forward, as a ‘“‘metabolic 
expectancy”’ [1] or an “‘efference copy’ [10], to cancel or 
relax the original postingestive inhibition. 
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MARVIN, H. N. AND W. G. REESE. Effect of environmental stimuli on the core temperature of nervous dogs. PHYSIOL 
BEHAV 36(5) 903-906, 1986.—Temperature sensitive radio transmitters were implanted into the abdominal cavities of two 
substrains of pointer dogs to monitor the core temperature during a 12:12 L/D cycle. The results obtained from dogs of a 
nervous, person-aversive strain were best described by a partially-rectified sine curve, with well defined maxima during the 
light period. When similarly tested in a situation with minimal diurnal stimulation, the variation in temperatures was 
reduced. Temperatures of normal pointer dogs, kennel-mates of the nervous dogs, fluctuated very little by comparison. 
Their data fitted a straight line about as well as a sine curve. 


Body temperature Dog Circadian rhythm 


Environmental effects 





AN attempt in another study to relate changes in rectal tem- 
perature of bitches to the time of ovulation was unsuc- 
cessful. The temperatures fluctuated from day to day, from 
hour to hour, and from dog to dog apparently without pat- 
tern. It was considered that such variable values could re- 
flect temperatures obtained randomly at different times in 
endogenous circadian cycles, could result from exogenous 
factors irregularly present in the environment such as the 
manipulation incident to the measurements, or could be 
produced by a combination of the two. Circadian rhythms in 
dogs have been reported by some investigators [1, 3, 9, 12, 
13, 19, 21], but others have failed to observe rhythms even 
when the paradigms were suitable for detecting them [7, 8, 
11, 15, 18, 20, 23]. No satisfactory studies of nychthemeral 
changes of the deep body temperature of the dog were found 
in the literature. It was decided, therefore, to make such a 
study in dogs kept under usual laboratory conditions. 


METHOD 
Subjects 


The preliminary temperatures mentioned above had been 
obtained from first generation hybrids of two substrains of the 
English pointer. These normal A-dogs and nervous E-dogs 
have been developed by selection and inbreeding, and a 
variety of behavioral and physiological parameters have 
been studied in both substrains [6, 10, 16, 17, 19]. The basic 
characteristics of dogs of the two substrains have remained 
constant during the life of the colony over ten generations. 

The A-dogs are typically friendly, active, people-seeking 
animals. The E-dogs on the other hand are nervous, show 
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marked timidity, reduced activity, and even immobility of a 
catatonic type when people are nearby. In the catatonic 
state, the eyes are directionally fixed and the heart rate is 
markedly reduced. As measured with electrodes in the brain 
and eye muscles, E-dogs spend more time sleeping in both 
slow wave sleep and REM sleep [17] than do A-dogs. Dogs in 
general, as do both A-dogs and E-dogs, oscillate frequently 
between waking and sleeping and between drowsiness and 
alertness [16]. 

Six unbred bitches, three A’s and three E’s were used in 
this study, the only animals available to the authors. One 
A-dog was 19 months old, and the other A-dogs and all three 
E-dogs were 11-12 months old. None of the E-dogs were 
littermates and each had inbreeding coefficients of 0.498. 
Two of the three A-dogs were littermates and each had an 
inbreeding coefficient of 0.09. (The authors are grateful to 
Drs. J. E. O. Newton and C. A Erickson at the North Little 
Rock Division of the McClellan Veterans Administration 
Hospital for this information). 


Testing Conditions 


The dogs were housed and tested in floor pens 2.75 3.65 
m, with walls 1.3 m high between adjacent pens. The bitches 
in adjacent pens could not see each other, but could observe 
personnel through the barred, metal gate at the front of the 
pen. Food (Purina Lab Canine Chow) and water were pro- 
vided for the dogs to partake ad lib. 

Food containers were replenished when necessary when 
the pens were cleaned. Water was continuously available by 
means of automatic valves opening on demand. Pens were 
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washed once each morning except on Sundays, usually 
about 1000 hours. Ambient temperature was 18-21°C, 12:12 
L/D cycle with lights on at 0600, and relative humidity varied 
between 40% and 50% except for a short time each day when 
the pens were washed. During the lights-off period, only a small 
red safety light was visible to mark the exit. 

On weekdays, between 0830 and 1630 hours, people were 
sporadically present in the corridor of the pen room. Some 
were familiar to the dogs, and sometimes other individuals 
were strangers. On weekend days this was not the case; only 
the familiar diener on Saturday morning, and no one was in 
on Sundays. The dogs were well habituated to their pens, 
laboratory routine, and L/D cycle during the month preced- 
ing the actual testing. 


Apparatus 


Three temperature sensitive, AM radio transmitters 
(Minimitter Co., Model L, Indianapolis, IN) were used. 
Each transmitter broadcast a series of short signals carried 
on a specific radio frequency. A separate citizen band type of 
receiver, coupled to a strip chart recorder, was crystal- 
controlled to receive only one transmitter’s signal. Each 
transmitter, and its lithium battery were encased in a thin- 
walled plastic capsule, and the capsule coated by immersion 
in melted paraffin-plastic (Elvax-R, Minimitter, Inc.). Stand- 
ardization was accomplished by immersion in a water bath 
controlled at selected temperatures between 30°C and 45°C. 
It was found that for this range the number of impulses per 
minute by the transmitters was directly proportional to the 
temperature (coeff. correlation 0.998). Calibrations of 
transmitters after removal from the implantation site were 
not significantly different from pre-implantation values. Im- 
pulses per minute counted from the strip chart record were 
compared with the standard to obtain the temperature. From 
a full minute’s record, the temperature obtained was accu- 
rate to 0.01°C. 


Surgical Procedure 


For implantation of a transmitter, the bitch was lightly 
anesthetized with xylazine (Rompun, 2.2 mg/kg) and in- 
duction completed with ketamine hydrochloride (Ketaset, 
15.4 mg/kg), both drugs injected intramuscularly. The 
operative site was washed with liquid soap and water, 
scrubbed with povidone-iodine (Betadine), and rinsed with 
70% ethanol. A 3-4 cm cutaneous incision was made along 
either a mid-ventral line just caudal to the umbilicus, or along 
a line bisecting the angle between the last rib and the spinal 
muscles. The muscles were split by blunt dissection, and the 
peritoneum opened with scissors. The transmitter which had 
been sterilized by 30 min immersion in chlorohexidine (Nol- 
vasan) was inserted and moved cranial to the incision. The 
peritoneum was closed with a running stitch of No. 000 plain 
gut, the muscle closed in layers with interrupted sutures of 
No. 1 chronic gut, skin incision was closed with wound clips 
for the first two animals and with wire sutures for the other 
four, and sprayed with furfuralazine (Topazine). The entire 
procedure was completed within 15-20 minutes. As would be 
expected with ketamine, the animals regained their feet in 
30-60 minutes after the drug was administered. A 
prophylactic dose of veterinary procaine penicillin-G with 
benzathine (Flocillin; 600,000 units IM) was administered 
and recovery was uneventful. Skin sutures were removed on 
the 8th day, and testing was done no sooner than 3 weeks 
post-operatively. 
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FIG. 1. A. Compares the deep body temperatures of three E-dogs 
each tested at 3-hourly intervals on two separate weekdays. Three 
dogs, six tests hence n=3,6. Three E-dogs were tested similarly on 
two separate weekend days. The difference between weekdays and 
weekend days at 1300 hours is significant (p><0.01); the difference at 
1600 hours was borderline (p =0.08). The black horizontal bar indi- 
cates the period of lights off. B. Compares the temperatures of 
A-dogs obtained the same way as in A. (n=3,6). There is no statisti- 
cally significant difference between any two temperatures. The av- 
erage of all E-dog temperatures was 37.68°C, and for all A-dogs was 
38.14, 54 readings for each group. This interstrain difference was 
significant (p<0.001). 


Recording 


The receiving antenna was mounted in a spiral on a 
wooden frame supported from the ceiling, and was lowered 
to a level 1.3 m above the floor while actually recording. The 
antenna lead was taken through a wall to a small, adjacent 
room out of sight and sound of the test pen. Thus the dogs 
were undisturbed and unaware that temperature readings 
were being taken. The antenna lead was divided so that two 
receivers and two transcribers could be operated simulta- 
neously. A two minute record was made every three hours at 
these time: 0700, 1000, 1300, 1900, 2200, 0100, 0400 and 
0700. At the times these recordings were being made, any 
activity of the subjects was observed and recorded. 


Data Processing 


Temperatures were calculated from the regression line 
resulting from standardization of each transmitter. The data 
obtained were grouped and averaged for graphing purposes. 
In addition the data were fitted to selected equations by the 
use of the MLAB computer program (kindly furnished by the 
NIH Division of Computer Resources, courtesy of Dr. Gary 
Knott). This program, by reiterative curve fitting, produces 
values of the equation’s constants, and the final sum of the 
squares of the residual deviations. From these latter values 
an index of correlation was calculated using the equation 


ae 

oy’ 

where Sy? is =d?/N and oy? is the variance around the mean 
value of y. The index of correlation (rho) has much the same 
meaning for curvilinear relationships as the coefficient of 
correlation has for a purely linear equation [2]. These in- 
dices of correlation were used to determine the goodness of 
fit of various curvilinear relationships. 


rho = 1- 


RESULTS 


The overall mean body temperature of all A-dogs was 
38.14°C. For E-dogs, including the weekday increase, the 
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FIG. 2. A. The data from E-dogs on weekdays are plotted for the solid 
line, and data from a computerized curve fit to a rectified sine func- 
tion plotted as a dotted line. The index of correlation of these two 
curves is 0.957, an excellent fit. B. The same data from E-dogs as in 
A are plotted to compare with data obtained from a computerized 
curve fit to a full sine curve (or cosine) function. The index of corre- 
lation is 0.156, a poor fit. 


mean was 37.68, and the difference was statistically signifi- 
cant (p<0.001). 

Other results are presented in the form of graphs (raw 
data are available from the authors). In Fig. 1,A the data 
obtained from three E-dogs, each tested twice on weekdays 
and twice on weekend days, have been plotted. Tempera- 
tures obtained on weekdays were increased significantly at 
1300 hours (p<0.009). At 1600 hours, the difference was not 
significant statistically (o> =0.08), but the fact that the tem- 
perature was intermediate between temperatures at 1300 and 
1900 hours lends confidence in the values. As seen in Fig. 
1,B this difference in temperature pattern did not appear for 
A-dogs. In Fig. 1,B there are no significant differences be- 
tween any two temperatures. 

Inspection of the curve of weekday temperatures of 
E-dogs suggested a rectified sine curve rather than a full sine 
curve. Using the computerized curve fitting program the 
data were fitted to each of these two curves. The actual data 
and the data obtained from the computer are plotted in Fig. 
2,A and B. The indices of correlation were calculated; for the 
rectified sine curve the value was 0.957 as compared to 
0.156 for the full sine curve. 

Finally, observations of the dogs’ behaviors at the times 
the temperatures were obtained are presented graphically in 
Fig. 3. It appears that the dogs were more aroused at 0700 
hours (1 hour after lights on) and at 1900 hours (1 hour after 
lights off). Except for these short periods the dogs were 
asleep, drowsy or standing/lying quietly but awake. 


DISCUSSION 


Our best test for endogenous circadian deep temperature 
rhythm was on weekend days with humans absent and dogs 
free of disturbing events. During this period, the temperature 
curves were flat for both normal and nervous animals, as 
they were on weekdays for the normal animals. The nervous 
dogs on weekdays demonstrated a symmetrical rise and fall 
in temperature during morning and afternoon (lighted) hours. 
Their nychthemeral curve closely conformed to a rectified 
sine curve. We believe that the diurnal portion of the curve 
for the E-dogs demonstrates the effect of person. We have 
shown repeatedly that E-dogs, in contrast to A-dogs, re- 
spond aversively to familiar and unfamiliar humans (inde- 
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FIG. 3. This chart represents the results of observations of quiet and 
barking behavior of the dogs at the nine times the temperatures were 
obtained over a 24 hour period. The six dogs were observed during 
each of two tests on weekdays and on each of two tests on weekend 
days. The vertical bars represent the percentage of the dogs barking 
aroused), and the percentage of the dogs which were quiet (asleep, 
drowsy, or quietly awake). 


pendent of negative experiences with them). In this experi- 
ment on weekdays, humans were in and out of the animal 
quarters, especially in morning hours. We cannot explain the 
symmetry of the sine curve, but this was present for each 
E-dog and is not an averaging artifact. Is there a latent en- 
dogenous biorhythm exposed by a higher arousal level? Our 
data do not say. In fact persons also ‘‘arouse’’ A’s, but in a 
different direction since A’s are naturally people-seeking. 

In contrast to an omnivore (man) and a herbivore (rat), 
the carnivorous and predatory dog and cat have little or no 
endogenous rhythm for deep temperature and rather little for 
sleep. Dogs and cats show frequent oscillations between 
sleeping and waking, and between alertness and drowsiness, 
both night and day [14, 16, 17]. To the minor extent that their 
activity is linked to time of day, the dog appears to be more 
diurnal, and the cat a more nocturnal animal. An earlier 
study [14] reported activity data from several species in- 
cluding two dogs and one cat. In addition rectal tempera- 
tures, with attendant disturbance, were obtained from the 
dogs, and telemetered subcutaneous body temperatures 
from the one cat. These results were compared with re- 
sults on two monkeys from an earlier study. These authors 
conclude that dogs and cats differ from man and monkey in 
that only the latter have well defined circadian rhythms. The 
primates and some other mammals have their activities 
largely confined to a hemi-nychthemeral period. Dogs and 
cats apparently are less confined in their activity habits and 
temperatures to a nychthemeral period. These two domesti- 
cated species have been designated as “‘hunters’’ [14], 
but we prefer to be more specific with the terminology; i.e., 
carnivorous predators. Their ease of arousal around the 
clock, perhaps of survival value, may obscure or cancel en- 
dogenous circadian rhythmicity. It would be interesting, 
utilizing telemetering techniques, to compare selected pa- 
rameters from free-ranging and domesticated carnivores, 
and from more and less free-ranging herbivores. Field obser- 
vations of naturally wild and feral canine and feline behavior 
may furnish insight into carry-over of ancestral behavior to 
the domesticated species we know. 
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BUENO, L., M. J. FARGEAS AND P. JULIE. Effects of calcitonin and CGRP alone or in combination on food intake 
and forestomach (reticulum) motility in sheep. PHYSIOL BEHAV 36(5) 907-911, 1986.—The effects of intracerebroven- 
tricular (ICV) and intravenous (IV) administration of calcitonin and calcitonin gene-related peptide (CGRP) on feeding 
behavior and reticular motility were investigated in sheep. ICV calcitonin at a dose of 2 to 200 mU/kg reduced, in a 
dose-related manner, the immediate (0-60 min) food intake. The daily food intake was also significantly (p<0.05) decreased 
for doses up to 20 mU/kg, and the frequency of reticular contractions during the first hour of eating was decreased by 
27.9%. Calcitonin at the highest IV dose (200 mU/kg) did not affect feeding behavior or reticular motility. In contrast, CGRP 
given ICV did not affect the first 3 hour period of food intake, while a significant increase (27.8%) in daily food intake was 
observed at a dose of 20 ng/kg despite immediate inhibitory effects on reticular frequency. No effect on feeding behavior 
and forestomach motiliy was noticed for a 25 times higher dose IV administered. Furthermore, CGRP given ICV (100 
ng/kg) did not antagonize the immediate arorectic effects of calcitonin (200 mU/kg), although it delayed commencement of 
rumination and partially restored the daily food intake. These results suggest that calcitonin and CGRP play opposite roles 
in the central control of food intake in sheep, probably by acting on different brain structures, yet have a similar effect on 


reticular motility. 


Calcitonin CGRP Food intake 


Forestomach motility CNS 


Sheep 





PEPTIDES endogenous to the CNS have been demonstrated 
to affect food intake after central administration into rats 
[24,28] and sheep [3]. Among them, calcitonin [13, 15, 22, 23] 
and cholecystokinin octapeptide (CCK8) [2, 16, 19] are con- 
sidered to be involved in satiety achievement in many spe- 
cies. In sheep, central administration of CCK8 is known to 
depress food intake [9] as well as the frequency of rumino- 
reticular (forestomach) contractions [10] these effect being 
blocked by central administration of naloxone [5]. More re- 
cently, it has been shown that the gastrin group of peptides 
administered centrally affect short-term satiety by inducing 
premature rumination [18] and that CRF, another peptide 
causing anorexia, depresses food intake by shortening the 
feeding periods [8], in contrast to CCK8 which affects the 
rate of ingestion. 

In rats it has been suggested that calcitonin depresses 
food intake by altering neuronal calcium fluxes within the 
central nervous system [22] or by stimulating the central 
release of prostaglandins which affects food intake [12] and 
gastrointestinal motility [13]. 

Calcitonin gene-related peptide (CGRP), a product of al- 
ternative processing of RNA transcripts from the calcitonin 
gene, has been found in the brain [1], and mRNA encoding 
CGRP is found in several brain nuclei important in ingestive 


behavior, while no mRNA encoding calcitonin is detectable 
in the central nervous system [27]. Furthermore, it has been 
recently demonstrated that centrally administered CGRP 
inhibits spontaneous and starvation-induced food intake in 
rats [21]. However, this effect was observed for one 
thousand higher dose than calcitonin, and with a low ratio 
(1:2) between ICV and IV administration. 

The present experiments were performed in sheep to: (1) 
compare the effects of central vs. peripheral administration 
of calcitonin and CGRP on food intake, rumination and 
forestomach motility (frequency of reticular contractions); 
and (2) evaluate the differential influence of these two pep- 
tides when centrally administered. 


METHOD 
Animal Preparation 


Six ewes were used for these experiments. Under halo- 
thane (Fluothane®) anaesthesia, two pairs of Nichrome elec- 
trodes were inserted into the muscular layers of the ventral 
reticulum using a technique previously described [15]. In 
addition, a stainless steel cannula, 29 mm in length and 1.2 
mm in diameter, was inserted into the right cerebral ventricle 
through a hole made into the skull on the frontal bone at 1 cm 
from Bregma and at 0.5 cm from the midline frontal suture. 
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TABLE 1 


COMPARATIVE EFFECTS OF CENTRALLY (ICV) OR PERIPHERALLY (IV) ADMINISTERED SALMON CALCITONIN (sCT) AND 
CALCITONIN GENE-RELATED PEPTIDES (CGRP) ON FEEDING BEHAVIOR AND RUMINATION IN SHEEP$ 





Food intake (g) 


Rate of ingestion*t Latency of ruminatet 
0-60 i (g/min) (min) 





Control 
Calcitonin (mUI/kg) 
ICV 2 275 + 69* 70* 6.81 + 0.22 
20 122 + 38* 84* 53* 6.41 + 0.47 
200 34 + 15* 5 23* 5.48 + 0.47 
IV 200 312 + 61 54 1089 + 101 6.07 + 0.36 
CGRP (ng/kg) 
as 3 


410 + 42 56 6.81 + 0.43 106 + 23 
96 + 21 
124 + 27 
113 + 30 
99 + 16 
392 + 59 102 1225 + 107 


5.91 + 0.49 109 + 38 


20 
100 
IV 500 


371 + 13 
407 + 49 
402 + 11 


38 
79 
81 


1470 + 34* 
1518 + 121* 
ine + 37 


6.13 + 0.61 
sae = O31" 
6.09 + 0.29 


105 + 38 
182 + 41* 
97 + 11 





*Significantly different (9 <0.05) from control. 


*+Determined from jaw movements recording during the first 3 hours of feeding. 


tElapsed from food distribution. 
§$Mean + SD for experiments in 6 sheep. 


TABLE 2 


COMPARATIVE INFLUENCE OF INTRACEREBROVENTRICULAR 

(ICV) VS. INTRAVENOUS (IV) ADMINISTRATION OF CALCITONIN 

AND CGRP ON FREQUENCY OF RETICULUM CONTRACTIONS IN 
FED SHEEPt 





Frequency of reticular contractions (c/min) 


0-60 


60-120 


120-180 min 





Control 
Calcitonin 
(mUI/kg) 
a 2 
20 
200 
IV 200 


CGRP (ng/kg) 


ee 
20 
100 
IV 500 


1.54 + 0.15 


1.41 + 0.21 
1.11 + 019° 
0.67 + 0.07* 
1.38 + 0.16 


1.39 + 0.22 
1.61 + 0.10 
1.39 + 0.15* 
1.65 + 0.13 


1.28 + 0.09 


1.25 + 0.13 
1.06 + 0.08 
0.72 + 0.22* 
1.31 + 0.18 


1.34 + 0.18 
1.18 + 0.11 
1.21 + 0.16 
1.39 + 0.22 


1.09 + 0.06 


1.10 + 0.05 
0.98 + 0.16 
0.91 + 0.29 
1.16 + 0.15 


1.21 + 0.17 
1.16 + 0.08 
0.89 + 0.13 
0.97 + 0.09 





*Significantly different (9<0.05) from control. 
+Mean + SD; n=6. 


Recordings 


Commencing 8 days after surgery, jaw movements were 
recorded during the experimental periods by a strain gauge 
transducer on a halter placed at the submandibular space and 
connected to a wheatstone bridge, the signal being supplied 
to one channel of a six channel polygraph (R611, Beckman). 
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FIG. 1. Influence of ICV administration of calcitonin with or without 
previous ICV injections of CGRP on feeding behavior in sheep 
(means+SD, n=6). 


The electrical activity of the reticulum was recorded for a 
period of 12 weeks on the same recorder at a time constant of 
0.1 sec and a paper speed of 2.4 mm/min. Each spike burst 
indicates a reticular contraction [15], consequently, the fre- 
quency of reticular contractions was evaluated by counting 
the number of spike bursts on the EMG records. These re- 
cords were used for the determination of feeding time, the 
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FIG. 2. Comparative time-dependent reduction of frequency of reticular contractions 
during 3 hours of controlled feeding in sheep injected ICV with calcitonin alone, or 
calcitonin and CGRP. Rates were measured only during eating, for 10 min at 60 min 


intervals, mean+SD, n=6. 


beginning of the first postprandial rumination, and to eval- 
uate the frequency of reticular contractions when the animal 
was eating. The rate of ingestion (g/min) was calculated over 
the first 3 hr of feeding by dividing the total food intake by 
the duration of eating. 


Experimental Procedure 


The animals were placed in metabolic cages at constant 
light and temperature (17-21°C) for at least 15 days before 
the beginning of experiments; water was available ad lib. 
During this period they were accustomed to have hay avail- 
able daily, ad lib, from 9:00 to 17:00 and hay was placed in a 
tank in front of the animal for limiting wastage. Food intake 
was determined hourly by weighing the food. 

The experiments were divided into three series. For the 
first series, the animals received intracerebroventricularly 
(ICV) 0.2 ml of s.erilized water alone, or containing salmon 
calcitonin (sCT) (Calsyn®, Armour, France) 5 minutes be- 
fore food presentation at doses of 2, 20 or 200 mU MRC/kg (1 
U=208 ng); the highest was also administered intravenously. 
Each animal was given each dose twice and there was a 3 day 
interval between experiments. In a second series, sCT was 
replaced by CGRP (Interchim, France) ICV administered at 
doses of 1, 10 and 100 ng/kg; a fivefold higher dose (500 
ng/kg) was also given IV. 

In a last series, CGRP (100 ng/kg) was ICV administered 
10 minutes prior to ICV injection of sCT (100 mU/kg), which 
was given just before hay distribution. 

In the first two series of experiments, the values of food 
intake and frequency of reticular contractions were com- 
pared using the paired t-test. Statistical analysis was also 
performed on the log dose-effect relationship of the effects of 
sCT and CGRP on food intake. The antagonistic effects of 


CGRP on sCT induced anorexia and reticular hypomotility 
were evaluated by multiple analysis of variance. 


RESULTS 
Effects of Increasing Doses of sCT 


Food intake. The control hay intake was 410+42 g (n=8) 
during the first hour of feeding and 570+ 56 g during the first 
3 hours, corresponding to a rate of ingestion of 6.31+0.43 
g/min (Table 1). The total daily amount of hay eaten (from 
9:00 to 17:00) was 1150+14 g (Table 1). 

When sCT was injected ICV at a dose of 20 mU/kg, food 
intake during the following hour was reduced by 70.2% (Ta- 
ble 1) and the total daily intake was also significantly 
(p<0.01) decreased. At a lower dose (2 mU/kg), these effects 
were limited to the first hour of ingestion and the total intake 
was similar to the control. A strong (60.7%) reduction of the 
daily food intake was observed at the highest dose of sCT 
(100 mU/kg) administered ICV. Furthermore, the first hour 
food intake was negatively correlated (p<0.01, r=0.87) with 
the log of the sCT dose used. At all the ICV doses, sCT did 
not significantly (p>0.05) affect the rate of ingestion and the 
time elapsed from food presentation to the first postprandial 
period of rumination (Table 1). 

When given IV at 200 mU/kg, sCT did not affect feeding 
behavior, food intake and rumination. 

Frequency of reticular contractions. This frequency was 
related to the feeding behavior, increasing by about 50% 
when the animal was eating [12]. The frequency at rest was 
0.97+0.12 contractions per minute (c/min) and 1.44+0.16 
c/min during the first hour of feeding. 

ICV injection of sCT at a dose of 20 mU/kg significantly 
(p<0.05) reduced the frequency of reticular contractions ob- 
served during the first hour of feeding by 27.9%; this effect 
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was reinforced (56.5%) and lasted 2 hours for a 10 times 
higher dose (200 mUI/kg), while no significant change was 
noticed for IV administration at this dosage and for the low- 
est (2 mUI/kg) dose administered ICV (Table 2). 


Effects of Increasing Doses of CGRP 


Food intake. CGRP (20 ng/kg) injected ICV 5 minutes 
prior to feeding did not affect the 0-60 and 0-180 min food 
intake of hay. Instead, the total daily food intake was signifi- 
cantly (p<0.05) increased (1470+34 vs. 1225+107 g) with a 
corresponding 44.9% increase of food ingested from 12:00 to 
17:00. This orexigenic effect of CGRP was not accompanied 
by changes in the rate of ingestion and the occurrence of the 
first phase of postprandial rumination (Table 1). 

At a lower ICV dose (5 ng/kg), CGRP did not affect food 
intake while at the highest dose (100 ng/kg) the total daily 
food intake was increased by 23.9% despite a reduction in 
the rate of ingestion during the first 3 hours and a delayed 
occurrence of rumination. CGRP given IV at 5 times higher 
dose (500 ng/kg) did not affect food intake and rumination. 

Reticulum contractions. CGRP injected centrally 5 min- 
utes before feeding did not affect the increase in reticular 
spike frequency observed during eating except at the higher 
dose (100 ng/kg), which slightly reduced the frequency from 
0 to 60 minutes after food presentation. 


Antagonistic Effect of CGRP on Calcitonin-Induced 
Hypophagia 


Food intake. CGRP administered ICV at a dose of 100 
ng/kg prior to sCT did not reduce the anorectic effects of the 
ICV calcitonin at 0 to 60 and 0 to 180 min after food distribu- 
tion (Fig. 1). However, the total daily food intake was signif- 
icantly higher than after calcitonin alone, corresponding to 
an increased food intake between 12:00 and 17:00 (787+59 
vs. 452+23 g). No change in the rate of ingestion measured 
from 0 to 180 minutes after hay presentation was observed 
when CGRP was injected prior to calcitonin, while rumina- 
tion occurred significantly (o<0.05) later than with calcitonin 
alone, an effect similar to that obtained for ICV administra- 
tion of CGRP alone. 

Frequency of reticulum contractions. During the first 10 
minutes of feeding the frequency of reticular contractions 
was 1.67+0.15 c/min, with a progressive reduction observed 
during the first 3 hours of feeding (Fig. 2). CGRP (100 ng/kg) 
administered ICV prior to the calcitonin did not counteract 
the inhibitory effects of calcitonin on the reticular contrac- 
tions, but in contrast significantly enhanced the immediate 
(0-10 min) inhibitory effects of calcitonin (0.36+0.13 vs. 
0.79+0.16 c/min). 


DISCUSSION 


This work shows that salmon calcitonin depresses and 
— increases food intake when centrally administered to 
sheep. 

The ratio between active anorexia-inducing doses for ICV 
and IV (1:100) calcitonin suggests that these effects are cen- 
trally mediated, a result in agreement with previous data 
obtained in rats [15,23]. Furthermore, a specific physiolog- 
ically relevant action in the CNS is reinforced by the fact that 
inhibition of feeding by intracerebral calcitonin is rapid and 
mimicks the effects of peripheral injection in a dosage range 
comparable to the proportion of the weight ratio of brain to 
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total body. These anorectic effects also appeared at a dose (2 
mU/kg, i.e., about 0.4 ng/kg) smaller than the minimum dos- 
age of most other peptide hormones [24,28]. 

Despite the fact that no mRNA encoding calcitonin is 
detectable in the central nervous system [29], radioactively 
labeled calcitonin administered systemically binds specific- 
ally to sites in the hypothalamus [26] and immunoreactive 
calcitonin is present in the hypothalamus and cerebrospinal 
fluid in rats [24]. 

The fact that ICV calcitonin also affects the forestomach 
motility is in agreement with previous data showing that ICV 
salmon calcitonin can modify the small intestinal motility in 
fed rats [7] and dogs [6] by restoring the ‘‘fasted’’ motor 
pattern. However, the forestomach (reticulum) motility is 
under the rigid control of a center situated in the medulla 
oblongata, the cyclic contractions being mediated by the 
vagus. The lack of effects of IV administration of calcitonin 
at a hundredfold higher dose suggests its indirect action on 
the activity of the bulbar center similar to that previously 
described for CCK8 [18]. 

CGRP increases food intake in sheep at dose as low as 20 
ng/kg ICV, while a 5 times higher dose is inactive systemi- 
cally. This effect contrasts with the recently described 
anorectic action observed in rats for ICV doses of | to 10 wg 
{21]. However, in our experiment CGRP produces only a 
delayed (3 hr) increase in food intake. This result is in 
agreement with the observation of Krahn er al. that some 
CGRP treated groups of rats exhibiting an immediate 
anorexia are eating more the day after treatment. Calcitonin 
and CGRP are different in their primary structures but when 
these two peptides are centrally administered in rats they 
inhibit gastric acid secretion [20] and affect the intestinal 
motor profile (unpublished results), suggesting that they act 
centrally on similar receptors [17]. However, in these studies 
the effects of CGRP were observed for a dose about one 
thousand times higher than for calcitonin; moreover, it has 
been shown that the distribution of CGRP binding sites in the 
human and rat central nervous system differs markedly from 
that of salmon calcitonin, particularly at hypothalamic level. 
That is, radiolabeling of 125-I-CGRP is found in the lateral 
part of the hypothalamus while that of 125-I-salmon calcito- 
nin is mainly present in the dorsomedial part [14]. The hy- 
pothesis that these two peptides affect food intake by acting 
selectively on these two parts of the hypothalamus is not in 
agreement with our observations that CGRP failed to antag- 
onize the early (0-180 min) anorectic effect of calcitonin. 

Consequently, it is tempting to speculate that CGRP in- 
creases food intake when centrally administered at relative 
low dose by (1) acting on selective receptors different from 
that of calcitonin, or (2) affecting the structure of hypotha- 
lamic receptors for calcitonin. 

In sheep, a common mechanism of action of some pep- 
tides, like CCK8, on both food intake and forestomach 
motility has been previously postulated: naloxone adminis- 
tered ICV blocks both CCK8 induced satiety and reticular 
hypomotility [5], and an inhibition of forestomach motility is 
associated with a slower rate of ingestion [11]. 

An important finding of this study is that ICV CGRP 
provokes an immediate (0-60 min) reticular hypomotility, or 
reinforces that induced by calcitonin, without affecting the 
food intake. This is the first time a dissociation between 
forestomach motility and food intake in ruminants has been 
experimentally provoked. 

Finally, these results suggest that CGRP, a peptide of the 
‘‘calcitonin’’ family, may be involved in the central control 
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of food intake in sheep, probably by acting indirectly on 


anisms and the physiological significance of these results 
other satiety signals. However, the nature of the mech- 


require further evaluation. 
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BERNSTEIN, I. L., D. P. FENNER AND J. DIAZ. Influence of taste stimulation during the suckling period on adult 
taste preference in rats. PHYSIOL BEHAV 36(5) 913-919, 1986.—Effects of taste deprivation and selective taste exposure 
during the suckling period on adult preference for flavored solutions was examined. Taste deprivation was achieved by 
rearing rat pups “‘artificially,’’ in individual cups with intragastric feeding from Postnatal Days 4 through 17 or 18. In the 
first study the effects of artificial rearing on male Long-Evans rats were examined. In the second study female Wistar rats 
were exposed to a single tastant, sucrose, which was introduced on a background of taste deprivation. Results of both 
studies were similar. No differences in taste sensitivity or preference were detected between animals subjected to taste 
deprivation or selective taste exposure and their normally reared littermates. These results suggest that suckling stimula- 
tion is not necessary for normal taste development and that the taste system of the rat is not particularly susceptible to the 
influence of early experience. Other interpretations of these results are also discussed. 
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IN the visual and auditory systems the presence of substan- 
tial postnatal change in function has been correlated with 
plasticity or the potential for early postnatal experience to 
dramatically influence adult function [22,25]. The question of 
whether the taste system is similarly modifiable by early 
experience is as yet unresolved [12,20]. 

Since the taste system of the rat undergoes considerable 
change postnatally the rat is an ideal subject for addressing 
this question. Taste buds are absent or immature at birth and 
considerable maturation occurs during the suckling period 
[7,19]. Electrophysiological assessments of taste function 
provide evidence of immaturity in response to salty (NaCl) 
and sweet (sucrose) solutions in neonatal rats, with matura- 
tional changes proceeding through the suckling period and 
on into the postweaning period [8, 13, 21]. 

Behavioral assessment of taste development in the rat 
indicates that neonatal rats have little ability to discriminate 
among taste solutions and begin to develop that ability dur- 
ing the first two weeks of life [12,15], with changes in sen- 
sitivity and preference continuing beyond the suckling 
period [18,28]. 

Experiments assessing whether early taste experience 
influences adult taste function have been directed at the 
effects of early exposure to particular foods or tastes. Ex- 
tensive postweaning exposure to chili flavors [24], high 
sucrose diets [28] or NaCl solutions [18] failed to produce 
lasting changes in adult preference for these tastes. On the 
other hand, experience with flavors during the suckling 
period has been reported to affect later preference [2,9]. The 
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latter two papers have been widely cited as evidence that 
adult flavor preference can be influenced by experience dur- 
ing some critical period early in life, and yet the changes 
reported were either temporary or not very large. 

In general, the dramatic changes in structure and function 
achieved by modifying visual input during critical periods of 
visual development have not been seen in the taste system 
[20,21]. This may reflect real differences in the plasticity of 
neural connections underlying vision and taste. However, it 
should also be noted that comparable alterations in early 
experience have not been attempted. In the visual system, 
opaque or translucent occluders can effectively reduce or 
eliminate pattern stimulation. Significant reductions of 
taste input in a nursing animal are technically more chal- 
lenging. 

One way to achieve taste deprivation in suckling rats is by 
rearing rat pups “‘artificially’’ using chronic intragastric can- 
nulas [4, 11, 17]. This technique allows rat pups to be reared 
in the total absence of nursing from Postnatal Days 4 through 
18. Thus, artificially reared rats are deprived of normal 
suckling experiences beyond the fourth day of life. Taste 
pores appear during this time, increasing from less than 5% 
of adult numbers at postnatal day 4 to approximately 75% of 
adult levels by day 12 [19]. Since suckling constitutes a major 
source of taste stimulation during the first two weeks of life, 
this rearing procedure substantially reduces taste stimulation 
during a time in the development of the taste system when 
significant changes are occurring. This period may be the 
critical period when taste input can influence structure and 
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FIG. 1. NaCl preference (2-day means+SE) in normally and artifi- 
cially reared rats in Experiment 1 as a function of solution concen- 
tration. NaCl preference ratios were calculated by dividing NaCl 
intake by total fluid intake (NaCl plus water). 


function. Artificial rearing of rats, therefore, provides an 
ideal paradigm for examining the role of suckling stimulation 
during the neonatal period in the normal development of 
taste function of the rat. 


EXPERIMENT | 


In the first study rats were artificially reared from Days 4 
through 18. In adulthood taste function was assessed by 
comparing NaCl and sucrose preference curves of artificially 
reared rats to those of their normally-reared littermates. 


METHOD 
Artificial Rearing Procedure 


Male Long-Evans hooded rat pups were allowed to nurse 
for the first four days of life. On Day 4 animals were assigned 
by weight to either an artificial (AR) or normal rearing (NR) 
condition. Artificially reared animals were lightly 
anesthetized with halothane and implanted with intragastric 
cannulas according to procedures previously described [6]. 
They were then housed individually in plastic cups (11 cm in 
diameter, 7 cm deep) which contained a small amount of 
bedding material and were covered with perforated plastic 
lids. The cups were weighted to prevent tipping over and 
floated in a temperature-controlled water bath set at 40°C. 
The temperature was gradually lowered so that by Day 18 
the bath was at room temperature. 

The cannulas were connected to syringes filled with a 
milk formula and mounted on infusion pumps. The diet was a 
modification of the cow’s milk formula introduced by Mes- 
ser et al. [17]. The infusion pumps were programmed to 
infuse formula for twenty minutes every two hours, 24 hours 
a day. After the 12th formula infusion each day animals were 
disconnected from the syringes and weighed. The syringes 
were washed and refilled with fresh formula and the 
intragastric cannulas flushed with demineralized water. At 
this time the anogenital area of each animal was lightly 
stroked to stimulate defecation and urination. At this time 
NR animals were also weighed. The amount of formula in- 
fused was incremented daily on a schedule which produced 
body weights in AR animals on Day 18 which were com- 
parable to NR controls [4]. Since this technique is not useful 
beyond Day 18, animals were removed from the pumps at 
that time, their cannulas were clipped and they were group 
housed with access to chow and water until testing began 
(approximately 90 days later). NR controls were weaned on 
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FIG. 2. Sucrose preference (2-day means+SE) in normally and arti- 
ficially reared rats in Experiment | as a function of solution concen- 
tration. Sucrose preference ratios were calculated by dividing su- 
crose intake by total fluid intake (sucrose plus water). 


Day 18 and their subsequent maintenance was identical to 
the AR animals. AR animals have no apparent difficulty in 
accepting and consuming solid food and water when it is 
offered at Day 18. 


Preference Testing 


At the time of testing all animals were individually housed 
in stainless steel cages with continuous access to chow 
(Wayne Lab ‘‘Blox’’) and demineralized water. A constant 
room temperature of 23°C was maintained, with a 12-hr 
light-dark cycle. Identification of rats as members of the AR 
(N=5) or NR (N=5) group was concealed by number codes 
so that intake measures were obtained with the experimenter 
‘*blind.”’ Preference ratios as a function of solution concen- 
tration were obtained, first for saline and then sucrose. This 
was accomplished by presenting solutions (in ascending 
order by concentration) and water, in calibrated drinking 
tubes, for two days each with right/left position reversed 
after 24 hr. Nine concentrations of NaCl (0.08, 0.1, 0.3, 0.5, 
0.7, 0.9, 1.3, 1.5, 2.1% w/v NaCl dissolved in demineralized 
water) and eight concentrations of sucrose (0.25, 0.5, 1.0, 
2.0, 4.0, 8.0, 16.0, 32.0% sucrose w/v dissolved in de- 
mineralized water) were presented. In a partial replication 
additional groups of NR (N=10) and AR (N=8) animals were 
tested as above with three concentrations of NaCl (0.9, 1.8, 
2.7%). 


RESULTS 


Preference ratios were calculated by dividing solution in- 
take (in milliliters) by total fluid intake (solution plus water). 
Figures | and 2 present these ratios for AR and NR animals 
as a function of NaCl and sucrose concentration. The curves 
are similar to those previously reported [23,29] with strong 
preference for sucrose solutions and hypotonic NaCl solu- 
tions over water. There do not appear to be striking differ- 
ences between AR and NR animals in their preference for 
NaCl solution although AR animals appear to have a some- 
what greater preference than NR animals for NaCl concen- 
trations of 0.7% and above. Results were analyzed with a 
repeated measures ANOVA. The main effect of rearing 
condition was not significant (F<1); the main effect of solu- 
tion concentration was significant, F(1,8)=35.8; p<0.001; 
the interaction was not significant. Similar results were ob- 
tained when sucrose ratios were analyzed. The main effect of 
rearing condition was not significant (F<1); the main effect 
of solution concentration was significant, F(1.8)=17.3; 
p<0.005, and the interaction was not significant. 
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FIG. 3. Fluid intake in ml (2-day means+SE) in Experiment 1. Water (a) and NaCl (c) intake 
during NaCl preference testing; water (b) and sucrose (d) intake during sucrose preference 


testing. 


Another way to assess preference is to examine intake 
directly. Figure 3 depicts volume of fluids consumed during 
preference testing. An examination of water and NaCl intake 
during NaCl preference testing (Fig. 3 (a) and (c)) indicates 
that elevated NaCl preference ratios were not due to ele- 
vated NaCl intake. Rather, Jower NaCl intake was seen in 
the AR group; however, even greater depressions in water 
intake served to elevate NaCl preference ratios. Repeated 
measures analyses failed to yield statistically significant ef- 
fects of rearing condition on NaCl, sucrose or water intake. 
One animal in the NR group drank unusually large volumes 
of water as well as flavored solutions; data from this animal 
served to elevate the mean intake and the variance of the NR 
group. 

We also employed a less conservative statistical approach 
in order to reassess our failure to find significant rearing 
effects. Differences at each solution concentration were 
evaluated with multiple t-tests. A total of 54 comparisons 
yielded no significant t’s. 

One potential effect of taste deprivation could be lower 
taste sensitivity without producing apparent differences in 
preference. We therefore examined preference thresholds, 
defined as the concentration at which intake of NaCl or su- 
crose solutions first became significantly elevated relative to 
water. However, there was no effect of rearing condition on 
preference thresholds either. Thus, we failed to find reliable 
differences between AR and NR rats in their responses to 
NaCl and sucrose solutions. 

NaCl preference ratios for the replication experiment are 
presented in Table 1. In agreement with the previous results, 
differences between AR and NR groups are not apparent. 


DISCUSSION 


Taste deprivation was achieved by rearing rat pups in 
individual cups and feeding them intragastrically. Effects of 
‘*suckling’’ deprivation on adult prefe nce for sucrose and 
NaCl solutions was examined. We chose to present NaCl 


TABLE | 
NaCl PREFERENCE RATIOS 





Preference 
Score 


NaCl 
Concentration 





0.9% 


1.8% 


2.7% 





and sucrose solutions because they are preferred by rats, and 
because responses to those tastes are relatively late to de- 
velop [8,13]. No differences were observed between taste- 
deprived and normal rats in their intake of fluids, their pref- 
erence curves or preference thresholds. 

The failure to find effects of artificial rearing on taste 
preference is interesting because the artificial rearing proce- 
dure represents an experience which deviates markedly from 
the usual condition of the neonatal rat. It is not a benign 
manipulation since it is associated with altered metabolic 
functions [27] and smaller than normal brains [5,26]. It is 
therefore surprising that taste preferences remained unal- 
tered by this procedure. These results could be an important 
indication that normal suckling stimulation from Day 4 
through 18 is not necessary for normal taste development, at 
least for sweet and salty tastes. However, it is noted that 
small n’s and large variance may have made this study rela- 
tively insensitive to small treatment effects. Thus, as in other 
studies which present negative findings, they should be in- 
terpreted cautiously. 
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FIG. 4. NaCl preference (2-day means+SE) in AR-S, NR-W and NR 
rats in Experiment 2 as a function of solution concentration. 


EXPERIMENT 2 


Adult NaCl and sucrose preferences were apparently un- 
altered by artificial rearing. This could indicate that the de- 
veloping taste system of the rat is not sensitive to stimulation 
during the initial weeks of life. Alternatively, it is possible 
that the alteration in taste input introduced by artificial rear- 
ing was of insufficient magnitude or duration to affect taste 
development. Reductions of taste input via artificial rearing 
may be comparable to binocular deprivation in the visual 
system, which reduces input uniformly rather than providing 
an asymmetry of inputs. Binocular deprivation is associated 
with more subtle effects on visual functioning than monocu- 
lar deprivation or ‘‘stripe rearing’’ [22]. Extending this 
analogy, we hypothesized that more dramatic effects on 
taste function might be evident if asymmetrical input to the 
taste system could be provided on a background of relative 
taste deprivation. This was accomplished in the next study 
by presenting artificially-reared rats with a single type of 
taste input (sucrose) during the suckling period. This ap- 
proach offered an advantage over other efforts to influence 
taste preference which superimposed taste exposure on a 
background of considerable taste experience. Additionally, 
in this study the duration of selective taste exposure was 
extended to 35 days of age by offering a high sucrose diet 
after artificially reared animals were disconnected from the 
infusion pumps and housed in groups. 


METHOD 


Female Sprague-Dawley rat pups were used in this study. 
Artificially and normally reared groups were maintained as 
described in Experiment 1. Artificially-reared animals all re- 
ceived daily exposure to a sucrose solution from Days 4 
through 16 (AR-S; n=7). Taste stimulation was accom- 
plished with a procedure described by Hall and Bryan [12] 
in which pups were placed for 30 minutes in a warm, 
moist incubator on a cloth towel which has been saturated 
with a 10% (w/v) solution of sucrose in demineralized water. 
Pups were weighed to the nearest 0.1 g before and after 
' sucrose exposure and weight gain was used as an index of 
sucrose ingestion, and hence exposure. Half of the 
normally-reared controls also received daily exposure to the 
incubator but they were exposed to demineralized water 
rather than sucrose (NR-W, n=7; NR, n=7). 

From Postnatal days 17 through 35 animals were group 
housed in plastic cages with sawdust bedding. For the AR-S 
animals, exposure to sucrose was continued by offering a 
high (50%) sucrose diet, AIN meal (ICN Nutritional 
Biochemical, Cleveland, OH), as their only food source. 
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FIG. 5. Sucrose preference (2-day means+SE) in AR-S, NR-W and 
NR rats in Experiment 2 as a function of solution concentration. 


Normally-reared animals (NR and NR-W) received lab 
chow. After Day 35 all animals received ad lib access to 
chow and water until testing began (approximately 30 days 
later). 

Testing for sucrose and NaCl preference was accom- 
plished as in Experiment 1. In addition, rejection thresholds 
for two other tastants (citric acid and quinine sulfate) were 
determined. 


RESULTS 


Neonatal Taste Stimulation 


As early as Days 4 and 5, AR-S animals were seen to emit 
ingestive responses toward the sucrose solution saturating 
the towel. Ingestion of sucrose was assessed by comparing 
weight gain during 30 minute sessions in the incubator of 
AR-S and NR-W groups. In the AR-S group average weight 
gains representing from 4%-9% of the animals’ body weight 
were seen compared to gains of from 0.5%-2% of body 
weight in the NR-W group. These differences in weight 
gained by AR-S and NR-W animals indicate that AR-S 
animals consumed considerable amounts of sucrose while in 
the incubator. 


Adult Taste Preference 


Preference ratios as a function of NaCl and sucrose con- 
centration for adult animals are presented in Figs. 4 and 5. 
Differences between the AR-S and normally reared (NR and 
NR-W) groups are not evident. These impressions were 
confirmed when results were analyzed with a repeated 
measures ANOVA. For saline preference ratios, the main 
effect of rearing condition was not significant (F<1); the 
main effect of solution concentration was significant, 
F(2,18)=24.2; p<0.001; the interaction was not significant. 
Similar results were obtained when sucrose ratios were 
analyzed. The main effect of rearing condition was not signif- 
icant (F<1); the main effect of solution concentration was 
significant, F(2,18)=17.4; p<0.001, and the interaction was 
not significant. 

Results are similar when absolute fluid intake rather than 
preference ratios, is examined (Fig. 6). Repeated measures 
analyses yield no significant effect of rearing condition. In- 
take of hypertonic NaCl solutions by AR-S animals appears 
higher than in the two normally reared groups. This pattern 
is different from the previous study where NaCl preference 
ratios were higher but absolute intake was lower in AR 
animals. Another difference between this study and the pre- 
vious one is that depressions in water intake are not evident 
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FIG. 6. Fluid intake in ml (2-day means) in Experiment 2. Water (a) and NaCl (c) 
intake during NaCl preference testing; water (b) and sucrose (d) intake during sucrose 


preference testing. 


in AR-S animals. Although results are suggestive of a de- 
creased sensitivity to concentrated NaCl solutions in artifi- 
cially reared animals, statistical analyses do not tend to con- 
firm this. When group differences at each solution concen- 
tration were analyzed with uncorrected multiple t-tests, two 
significant t’s were obtained out of 51 comparisons. These 
compared water and NaCl intake (at 2.1%) of AR-S and 
NR-W animals yielding, ¢(12)=3.16; p<0.01, and, 
t(12)=2.46; p<0.02, respectively. Some significant differ- 
ences (e.g., two) when this many comparisons are under- 
taken, are likely to arise by chance. 

Rejection thresholds for solutions of quinine sulfate were 
between 0.0001% and 0.0002% for all three groups. Rejection 
thresholds for solutions of citric acid were between 0.01% 
and 0.03% for the three groups. 


DISCUSSION 


In the present studies rats were taste deprived during the 
suckling period by being reared artificially from Days 4 
through 17 or 18. This treatment was employed to effect a 
major reduction in taste exposure during the period when 
maturation of the taste receptors and their neural connec- 
tions was progressing rapidly. Consequently, this was hy- 
pothesized to be a ‘“‘critical period’’ when stimulation or lack 
of it would be most likely to have an impact on adult taste 
function. In the first study we examined the effect of artifi- 
cial rearing while in the second study exposure to a single 
tastant, sucrose, was introduced on a background of taste 
deprivation. Although different strains and sexes were used 
and animals were tested at different ages, results of both 
studies were similar. No reliable differences in taste sen- 
sitivity or preference were detected in adulthood between 
animals subjected to taste deprivation or selective taste ex- 
posure and their normally reared littermates. The number of 
subjects in both studies was low, which should lead to cau- 
tion in interpretation of negative findings. For this, as well as 
other reasons listed below, the results of these studies can 
not be considered definitive. However, since both studies 


were in basic agreement, our findings begin to suggest that 
the taste system is not particularly susceptible to the influ- 
ence of early experience. Other interpretations of these find- 
ings are considered below. 

One possibility is that the method of introducing taste 
deprivation and selective taste exposure were not really ef- 
fective in altering the taste exposure of infant rats. Other 
sources of taste stimulation, such as grooming or eating 
feces, were not eliminated by artificial rearing. However, 
since these behaviors do not emerge until the latter phase of 
the infusion period, it seems likely that artificial rearing dra- 
matically reduced taste stimulation although it may not have 
eliminated it. Saliva is another potential source of taste 
stimulation but adaptation to this solution makes it a rela- 
tively ineffective taste stimulus [1]. Alternatively, it could be 
suggested that, since rat pups derive relatively little taste 
experience from suckling due to the position of the nipple in 
the pup’s mouth [12], artificial rearing may not actually have 
constituted taste deprivation. However, there is good evi- 
dence in the literature that rat pups detect taste cues while 
nursing [9, 10, 16] and the contribution of that taste stimula- 
tion to taste development was important to assess. The su- 
crose exposure introduced in Experiment 2 would surely 
constitute a marked change from the taste experience usually 
encountered by the suckling rat. Sucrose was chosen for this 
study because it was viewed as likely to elicit maximal in- 
gestive responses. Avid consumption of the sucrose sup- 
ports the idea that the pups received taste stimulation at that 
time. On the other hand, exposure to some other taste 
stimulus might have proven more effective in modifying taste 
function. As with all negative results, the possibility remains 
that some critical alteration in procedure might have yielded 
a treatment effect. 

The timing of taste deprivation could have been inappro- 
priate; perhaps it began too late or ended too soon. With 
regard to treatment beginning too late, it seems unlikely that 
the first four days of life represent a critical period since a 
small fraction of taste pores are present at that time and there 
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is little evidence of taste function [19]. It is possible that the 
critical period extends into the weaning period, as suggested 
by Mistretta [20] and that is why the second study extended 
the period of sucrose exposure. Yet even when exposure to 
sucrose continued until Day 35 no noticeable effects on taste 
function were observed. 

In these studies taste testing occurred in adulthood. 
Perhaps artificial rearing delayed taste development, but 
when normal taste input was provided after Day 18 devel- 
opmental *‘catch-up’’ proceeded so that normal adult levels 
of taste function were ultimately achieved. Comparable ef- 
fects in the visual system have been reported after dark- 
rearing [22]. This could be evaluated by examining taste 
preferences immediately after weaning to see if taste devel- 
opment is retarded in AR animals. Regardless of the results 
of such a study our findings suggest an absence of durable or 
permanent effects of early taste deprivation. 

The present studies were limited to tests of taste prefer- 
ence. Thus, it is possible that artificial rearing did indeed 
affect taste development, but we chose the wrong dependent 
measures for detecting these effects. Behavioral measures of 
change as a result of early experience have proven much less 
sensitive than electrophysiological or anatomical ones [3,20]. 
It is therefore possible that an assessment of function of 
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artificially reared animals that used electrophysiological 
techniques would detect differences between them and nor- 
mals. 

Even when the above possibilities and cautions are taken 
into considerations, the results of the present studies are 
provocative and informative. Major alteration in the taste 
experience of neonatal rats was without major effects on 
their preference (aversion) thresholds and preference- 
aversion functions. Although measures were limited to be- 
havior, they included prototypes of the four basic taste 
categories. Furthermore, they were not limited to a single 
solution concentration and therefore could have been ex- 
pected to detect changes in threshold as well as supra- 
threshold function. Normal suckling stimulation from Days 4 
through 18 appears unnecessary for the development of gen- 
erally normal taste preference, at least for the taste stimuli 
used in this study. Our results imply that the development of 
taste function in the rat is resistant to the influence of un- 
usual early experiences. Further work is needed to deter- 
mine whether the basis of this refractoriness is a high degree 
of ‘‘hard-wiring.’’ Alternatively, plasticity in this sensory 
system may not be limited to an early critical period but 
rather may continue throughout life allowing for adjustment 
to recent taste experience. 
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COHEN-TANNOUDII, J., A. LOCATELLI AND J. P. SIGNORET. Non-pheromonal stimulation by the male of LH 
release in the anoestrous ewe. PHYSIOL BEHAV 36(5) 921-924, 1986.—In the anoestrous ewes, the introduction of rams 
leads to an increase in the secretion of LH and ovulation. Several studies have led to the hypothesis that a ewe’s response to 
the male is mediated by pheromones, implicating a prevalent role of olfaction. In order to analyse if sensory cues other than 
smell could influence the ewe’s physiological response to the male, an olfactory bulbectomy which destroys both main and 
accessory systems was performed in seven Ile-de-France ewes with a surgical laser. When presented to intact males, the 
ewes still reacted to the rams by displaying a LH release similar to the controls (n=11) whereas no response was obtained 
after ram’s fleece stimulation. This suggests that other sensory cues may replace the pheromone to trigger LH release. 
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THE presence of the male influences behavior as well as 
some patterns of hormonal secretion in the female of several 
species. In the domestic sheep, seasonally anoestrous ewes of 
many breeds, when previously isolated from the rams for at 
least one month, react to the introduction of the male (*‘teas- 
ing’’) with a rapid increase in their LH plasma levels and a 
preovulatory LH surge which finally results in ovulation 35 
to 40 hours later. 

In this species, the sense of smell appears to be involved 
in the resumption of the ovarian activity induced by the 
male: physical and visual contact are not necessary [16], but 
only a few anosmic ewes ovulate when in contact with the 
male [9]. Furthermore, the ram’s fleece or extracts of ram’s 
wool are sufficient to induce ovulation [7]. Chemical com- 
pounds, acting as pheromones, thus appear to participate in 
the process of hypothalamic control of pituitary gonadotro- 
pin secretion. 

However, the fact that chemical stimulation alone can 
elicit ovulation does not eliminate the possibility that other 
sensory cues might influence the female’s physiological re- 
sponse to the male, even when the sense of smell appears 
definitively involved in such a process. 

The aim of the present study was to test the possibility 
that sensory cues other than smell can influence the response 
of the ewe to ram exposure. 


METHOD 


Intact multiparous Ile-de-France ewes were isolated from 
the males for at least one month and housed in a building which 
had not previously contained rams. 

They were allocated to two experimental groups: (1) Total 
ablation of the olfactory bulbs (n=7); (2) Intact controls 
(n=11). 

The surgery was done in January, i.e., two months before 
the onset of the first experiment. Anaesthesia was induced 
by pentobarbital and maintained with fluothane-oxygen 
given via an intratracheal tube. 


A CO, surgical laser was used to destroy the olfactory 
bulbs. The main and the accessory olfactory systems were 
both destroyed with that method. This technique allows a 
thorough control of hemorrhage and, consequently, a com- 
plete visual control of the ablation. 

Anosmia was verified by a behavioral repulsion test [11]. 
A careful post-mortem dissection was done to determine the 
effectiveness of the lesions. 

The ewes were diagnosed as seasonally anovular by 
weekly progesterone assays [15], the persistence of low 
levels of circulating progesterone indicating the absence of 
functional corpora lutea. This condition was evident in all 
the experimental animals from the beginning of February to 
the end of July. The experiments took place during the 
period ranging from March to May 1984. 

Two different experiments were performed: (1) In March, 
bulbectomized ewes (BX) were stimulated by the introduc- 
tion of rams (intact adult Romanov) simultaneously with the 
controls. (2) In May, the BX ewes were stimulated by ram’s 
fleece presented to each female with a mask designed by T. 
W. Knight (Fig. 1; Personal Communication). A preliminary 
trial, not reported here, has shown that fitting the ewes with 
an empty mask was without any consequence on the 
female’s physiological response [3]. To verify that they were 
still capable of responding, the operated ewes were then 
stimulated by rams. 

The occurrence of a male-induced pulse of LH [8,12] was 
used as a test of female response. 

Blood samples (5 ml) were collected at 20 minute intervals 
by jugular venipuncture for 5 hours, involving a pre- 
stimulation period of 2 hours and a stimulation period of 3 
hours. After centrifugation, the plasma was stored at — 15°C 
until LH radioimmunoassay [10]. 

Pulses of LH were characterized by a rapid rise from 
basal levels to a peak followed by an exponential-type de- 
cline and defined as described by Goodman and Karsch [5]. 
Pulses of LH which were not identified according to those 
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FIG. 1. Mask used for pheromonal stimulation of the ewe. (Adapted from Knight's model.) 


criteria were not included even if an increase in the plasma 
levels was observed. The frequency of pulses of LH in- 
creases very rapidly; within 10 min [8] to 40 min [12] after the 
introduction of the ram. The stimulation was therefore esti- 
mated as efficient when the onset of a pulse occurred before 
the third sample, i.e., within 50 min of the onset of the stimu- 
lation. 


RESULTS 


When tested by the post surgical repulsion test, all the BX 
ewes were verified as anosmic (details available in Poindron 
{11}. 

Stimulation by the male induced a normal LH pulse in six 
of seven BX ewes both in March and in May (Fig. 2). The 
ewe which did not react in the first experiment did not do so 


in the second either. Nine of eleven control ewes responded 
to the male by displaying an LH pulse (Fig. 3). There was no 
significant difference between operated and control ewes 
(Fisher’s test p>0.05). The persistence of the responsiveness 
of the operated animals until May shows that surgical lesions 
had no consequence on the capacity of the females to re- 
spond to the stimulus. 

Stimulation by ram’s fleece has been shown to induce 
similar changes in LH secretion to that of the male [14]. 
Another trial performed in March on seven control ewes 
confirmed this result: the stimulation was efficient in four of 
seven animals. In contrast no LH pulses were observed in 
the seven BX ewes following stimulation by the ram’s fleece. 
The stimulation was thus significantly ineffective in the BX 
ewes compared to the controls (Fisher’s test p<0.01). 
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FIG. 2. Effect of stimulation by the male on LH release in olfactory 
bulbectomized ewes, in March (upper) and in May (lower). A: In- 
troduction of the ram. Solid line: Occurrence of an induced LH pulse. 
Dotted line: No LH response, according to the data analysis 
chosen. 
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DISCUSSION 


Interest in pheromonal communication has grown stead- 
ily for several years and many studies have demonstrated the 
involvement of the chemo-olfactory pathway in reproductive 
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FIG. 3. Stimulation of the control ewes by the male. For explana- 


tions, see Fig. 2 legend. 
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FIG. 4. Effect of stimulation by ram's fleece on LH release in olfac- 
tory bulbectomized ewes. A: Presentation of ram’s fleece. 


processes. The ram effect appears thus to be mediated by a 
pheromone present in the wool and the wax of the male. 

In this study, however, when presented to an intact adult 
male, ewes deprived of any olfactory perception showed a 
normal LH response. 

The possible influence of surgical operation on the 
females’ responses has not been studied here but in another 
experiment (unpublished data) sham-operations were per- 
formed on six animals: section of the frontal bone was done 
in the same way as in the operated ewes but the piece of bone 
was replaced without any nervous injuries. Those sham- 
operated ewes responded to both fleece and ram stimulations 
as the control animals did, showing that anaesthesia and 
surgery had no consequence on the female’s reactivity. 

It aoesn’t seem plausible to attribute the responses of the 
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bulbectomized ewes to nerve regeneration owing the volume 
of tissue destroyed. Furthermore, the behavioral repulsion 
test suggested an olfactory deficit and this was confirmed by 
the post-mortem dissection showing the completeness of the 
removal of olfactory bulbs. Finally, in May, when no LH 
response was obtained after ram’s fleece stimulation, the 
operated ewes still reacted to the male as they did 2 months 
before. 

Using another approach to obtain anosmia (zinc sulfate 
irrigation of nasal mucosa), similar results were obtained in 
creole goats [2]. 

The fact that females deprived of any olfactory perception 
still react to the male shows that other sensory cues are able 
to trigger the hormonal secretion. 

In spontaneous male-female interactions, the stimulation 
is obviously multisensorial. Some studies have shown that 
several physiological responses are not exclusively due to 
chemical signals. Maximal stimulation of oestrus and ovula- 
tion of does by the male results from a combination of ex- 
teroceptive factors [13]. Similarly, the male-induced puberty 
in female mice has been attributed to an androgen dependant 
pheromone but the tactile stimulus acts in a synergistic man- 
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ner [1]. However, the tactile cues from a castrated male yield 
no discernible activity in the absence of the urinary primer. 

Our results suggest that non-olfactory sensory cues could 
not only act synergistically with chemical signals but also 
replace the pheromone in triggering the same physiological 
responses. 

The ewes which were sexually experienced may also have 
learned the sensory characteristics of the male. The 
possibility for learning or conditioning processes to act on 
physiological responses has already been demonstrated in 
the rat [4] in which a classical conditioning paradigm was 
used to demonstrate that male rats can learn to secrete 
luteinizing hormone and testosterone in anticipation of sex- 
ual activity. 
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HALPERN, B. P., S. T. KELLING AND H. L. MEISELMAN. An analysis of the role of stimulus removal in taste 
adaptation by means of simulated drinking. PHYSIOL BEHAV 36(5) 925-928, 1986.—Human multiple sip drinking was 
simulated by repeated, alternate application of a NaCl solution and a second liquid to the anterior portion of the tongue. 
Judged intensity of the NaCl solution remained constant during alternation with artificial saliva, increased during alterna- 
tion with water, and decreased during alternation with an identical NaCl solution or with no second liquid. Relative change 
in concentration on the tongue may determine constancy, facilitation, or adaptation during drinking. 
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OUR everyday experiences and the results of laboratory ex- 
periments sometimes offer different conclusions. The labora- 
tory experiments may use conditions that differ sufficiently 
from those of normal experience to yield substantially differ- 
ent results. Taste adaptation as it is commonly observed in 
the laboratory, compared to that experienced during drink- 
ing, seems to be such a case. Normal drinking is an intermit- 
tent, repetitive cycle of ingestion, intraoral manipulation, 
swallowing, and waiting until the start of the next ingestion 
[7, 8, 9]. During this series of sips and swallows, the taste of 
the beverage does not disappear [28], although it may 
gradually decrease in magnitude [7,8]. In contrast, labora- 
tory studies that strive to present constant taste stimulation 
observe rapid, total or high-percentage disappearance of 
taste intensity [6, 20, 21, 22], while experiments that attempt 
to simulate drinking by alternating a stimulus solution with a 
flow of distilled water find no decrease in taste intensity over 
extended periods of time [9,23]. Neither a rapid disappear- 
ance of taste nor an absence of any change in taste intensity 
corresponds well to the perception of taste intensity during 
drinking. Consequently, controlled application of taste 
stimuli to the tongue has not fully predicted intensity under 
more natural conditions. We now report that the degree of 
change in stimulus concentration during simulated drinking 
determines whether adaptation is produced, prevented, or re- 
versed. A preliminary report of these data has been made [24]. 





METHOD 


Participants were paid adult volunteers (5 male and 5 
female participants, age 20+2.5 years (mean+s.e.) who 
passed a screening test for taste sensitivity and consistency 
[18]. All were Cornell University students. Six participants 
served in experiment A; four, in experiment B; five in exper- 
iments C and D. Each experiment was done in three separate 
sessions, with the first session considered practice. Sessions 
were separated by at least one day. Sessions consisted of 
two replications of each of the 3 or 4 conditions of an experi- 
ment, in random order. 

In all four experiments, the participants wrote magnitude 
estimates of total taste intensity at successive, automatically 
produced 350 msec tones that occurred during NaCl solution 
flow 12.5, 24.5, 36.5, 48.5, 60.5, and 72.5 sec after the start of 
alternating presentations of NaCl (always the Ist event) and 
a second event [9]. The modulus (standard intensity) of 10 
was represented by the initial NaCl flow. Liquids at 23+2°C 
flowed at 5 ml/sec from the Halpern and Meiselman [9] open 
flow stimulus delivery apparatus [11] over the anterior por- 
tion of a participant’s tongue. Either two liquids flowed in 
alternation, or one liquid alternated with periods of no liquid 
flow (the latter periods are designated *‘Air’’). 

Subjects rinsed their mouths with distilled water between 
the trials of a session, and expectorated the rinse water. 


‘Requests for reprints should be addressed to Dr. Bruce P. Halpern, Department of Psychology and Section of Neurobiology and Behavior, 
Uris Hall, Cornell University, Ithaca, NY 14853-7601. Supported by National Science Foundation Grant BNS-82-13476 to B.P.H. 
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FIG. 1. Median (+standard error of the median) magnitude estimates (modulus=10) of the total taste intensity written during 
NaCl flow at 6 times after the start of alternating presentations of a NaCl solution and either no liquid flow (Air), the same NaCl 
solution (NaCl), H,O, or an artificial saliva (A.S.) containing 36 mM Na* [9]. The modulus of 10 is indicated by the heavy 
horizontal line. A, B, C: 2 sec flows of NaCl alternated with 2 sec of a second event. A & B: NaCl=250 mM. C & D: NaCl=50 
mM. D: 1 sec flows of NaCl alternated with 3 sec of NaCl, A.S., H.O, or Air. 


Trials that represented the 3 or 4 different conditions of an 
experiment were separated from each other by one minute. 
The first liquid presented on each trial was an aqueous NaCl 
solution at 250 mM in experiments A and B (Fig. 1A and B); 
at 50 mM in experiments C and D (Fig. 1C, D). When a 
second liquid was alternated with the first, it was either an 
aqueous 36 mM Na* artificial saliva [9] (36 mM NaHCOs, 13 
mM KCl, 1 mM CaCl.) (designated **A.S.’’), distilled water 
(H,O), or the first liquid (250 mM or 50 mM NaCl). The 
distilled water had a conductivity of <1.5 uS cm~*; a refrac- 
tive index of 1.3330. All salts were reagent grade. Flow du- 
rations were 2 sec for both members of each successive al- 
ternation for experiments A, B, and C (Fig. 1A, B, C); 1 sec 
for the first member of each pair (the simulated sip) and 3 sec 
for the second member of each pair (the simulated removal 
process) for experiment D (Fig. 1D). The cueing tone for a 
written magnitude estimate occurred 400 msec after the be- 
ginning of the 2 sec NaCl flow deliveries (experiments A, B, 
C), and 200 msec after the beginning of the 1 sec NaCl flow 
deliveries (experiment D). 

Statistical analyses of each presentation condition of each 
experiment were done with the Friedman non-parametric 
two-way analysis of variance, two-tailed. 


RESULTS 
For both the 2 sec-2 sec and the 1 sec-3 sec sequences, 


alternation of either NaCl-NaCl or NaCl-Air pairs produced 
a rapid and substantial decrease in judged taste intensity 
(Fig. 1). At the other extreme, alternation of H,O with either 
NaCl concentration yielded reports of increasing taste in- 
tensity. This has been called enhancement in our initial study 
[23]. In contrast, the NaCl-A.S. condition, which was de- 
signed to most closely resemble natural drinking, generally 
showed no steady increases in intensity. 

The magnitude estimates made at all six judgment times 
for the NaCl-NaCl and NaCl-Air conditions of all four ex- 
periments changed significantly (p<0.001, Friedman non- 
parametric two-way analysis of variance, two-tailed). The 
NaCl-H,O judgments changed significantly (p<0.001) for 
both 250 mM NaCl experiments and for 2 sec 50 mM NaCl-2 
sec H,O, but not with the 1 sec 50 mM NaCl-3 sec H.O of 
experiment D (p>0.02). Finally, the NaCl-A.S. judgments 
changed significantly (p<0.0005) only in Experiment C, for 2 
sec 50 mM NaCl-2 sec A.S., but not in Experiments B or D 
(p>0.25). 


DISCUSSION 


We appear to have identified an important factor underly- 
ing changes in judged taste intensity during repeated or un- 
sustained stimulation: the degree of stimulus removal. Our 
extreme conditions, which either promote maximum 
stimulus removal (NaCl-H,O) or permit no removal (NaCl- 
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NaCl and NaCl-Air), produce judgments of enhanced in- 
tensity in one case; markedly decreased intensity, in the 
other. The intermediate condition, NaCl-A.S., provides 
only partial removal. The smallest relative concentration 
change for the NaCI-A.S. condition occurred in experiments 
C and D, where the change from 50 mM NaCl to the 36 mM 
Na* A.S. removal liquid could produce, by the end of each 2 
or 3 sec removal flow, only a 28% reduction in NaCl concen- 
tration. Both this and the other instances of the NaCI-A.S. 
condition yield relatively constant taste intensity. Our ob- 
servations of elevated taste intensity when H,O was the re- 
moval liquid, and of constant judged intensity when A.S. 
was used, confirm previous laboratory studies that observed 
a maintained or heightened human taste sensitivity both dur- 
ing [20,21] and after [3,4] small, gradual changes in stimulus 
concentration. 

The NaCl solution flow durations do not specify the 
actual stimulus durations at the tongue in this experiment. 
This is the case because with an open stimulus delivery 
apparatus, stimulus removal from the tongue occurs slowly 
[11,12]. After a 1 sec flow of 50 mM NaCl, a distilled water 
flow of almost 2 sec (1738+26 msec) is required to bring the 
effluent from a Plexiglas artificial tongue to 1 mM NaCl, 
which is approximately the human detection threshold. At a 
10-fold higher concentration, 500 mM NaCl, 2.25 sec of dis- 
tilled water flow are needed to bring the concentration of the 
effluent from the artificial tongue to 10 mM NaCl, which is 
approximately the human recognition threshold; 2.8 sec, to | 
mM. These removal times exceed the 2 sec duration of the 
second (removal) event in experiments A, B, and C. How- 
ever, they still underestimate the actual removal time for a 
human tongue. When a natural tongue is used, about 3.6 sec 
of distilled water are needed to reduce the concentration 
from a 1 sec 50 mM NaCl flow to 10 mM; about 3.8 sec, to 1 
mM [12]. Consequently, even the 3 sec HO removal flows of 
experiment D were too brief to reduce the lingual NaCl con- 
centration to detection or recognition threshold levels. 
Therefore, it appears that stimulus removal to a concentra- 
tion range somewhat above the recognition threshold con- 
centration region may be sufficient to produce enhancement 
during repeated stimulus presentations. 

Our simulation of a multiple-sip drinking sequence with 
either artificial saliva or H,O as the second liquid of each pair 
may be thought of as a stimulus train composed of two alter- 
nating taste stimuli, with one more intense than the other. 
Stimulus trains consisting of two alternating sounds, one 
more intense than the other (and sometimes also differing in 
frequency), have been used in auditory research to provide 
psychophysical evidence for both temporal facilitation and 
lateral inhibition in hearing [10,27]. If a sufficient difference 
in auditory intensity was used, a single, continuous tone was 
reported, even when a 50 or 60 msec tone was alternated 
with equal duration broad-band noise. In the present taste 
experiments, participants were not requested to report on 
constancy or flicker of the perceived taste intensity. Prelimi- 
nary data from other studies indicate that 5 Hz and 10 Hz 
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square wave trains of 2 mM NaSac, delivered with a closed 
stimulus delivery system [11,12], are described as continu- 
ous taste stimulation (S. T. Kelling, E. Schwarzschild and B. 
P. Halpern, unpublished observations.). This might suggest 
that facilitatory and inhibitory processes similar to those 
proposed for auditory perception [10,27] occur in human 
gustation. However, continuous magnitude matching re- 
sponses, made with a joystick during multiple-sip cued drink- 
ing [8], show cyclical rather than constant intensity (K. 
Schalm and B. P. Halpern, unpublished observations). Thus, 
the rate of taste stimulus concentration change may be an 
important parameter, as McBurney has suggested [19, 20, 
21], in addition to duration per se. 

The importance of ambient intraoral salivary composition 
for both qualitative and quantitative taste judgments has 
been confirmed in many laboratory studies. For example, 
the judged intensity of compounds in solution approaches a 
minimum at a concentration equal to the salivary concentra- 
tion, while recognition threshold is just above salivary 
threshold [19, 20, 21, 22]. Water taste is a well-documented 
instance of qualitative changes in the reported taste of one 
liquid due to effects of preceding stimuli upon the intraoral 
environment [1,2]. In general, the judged taste of water is a 
function of what solution has preceded it, if the solution 
stimulus duration is sufficiently long. 

Induced alterations in saliva may also be important. 
Large increases in salivary concentrations of chemicals 
occur after a liquid containing such chemicals at levels well 
above those of resting saliva is either held in mouth or drunk 
[5, 7, 25, 26]. For example, sustained holding within the 
mouth of a molar NaCl and/or LiCl solution can produce 
subsequent intraoral salivary residues that approach the 
concentration of the held liquid [25,26]. Furthermore, the 
drinking of molar sugar solutions can produce intraoral 
salivary residues that approach the concentration of the in- 
gested liquid [5]. A similar alteration of saliva during the 
multiple-sip drinking of normally ingested beverages is plaus- 
ible, although at present undocumented. It is tempting to 
propose that such an altered intraoral environment, and the 
partial stimulus removal that could produce it, are major 
factors underlying the taste of beverages during natural 
drinking. 

Extraoral processes must also be considered. Habitua- 
tion, which is a decrease in responsiveness to repeated 
stimulation that is not dependent upon receptor level 
changes [13], may account for some of the decrease in judged 
intensity during multiple sip drinking. The possible role of 
habituation in taste has recently been discussed by E. P. 
Koster [14], and studied by J. H. A. Kroeze [15, 16, 17]. 

The present simulated drinking data may be most relevant 
to intraoral events, since little sign of habituation could be 
identified. The effects of maximal, minimal, and inter- 
mediate taste stimulus removal that we have observed sup- 
port the proposition that a gradual intraoral buildup in the 
concentration of a chemical could produce a gradual de- 
crease in judged taste intensity of that chemical. 
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JOHNSON, D. F., K. ACKROFF, J. PETERS ANDG. H. COLLIER. Changes in rats’ meal patterns as a function of the 
caloric density of the diet. PHYSIOL BEHAV 36(5) 929-936, 1986.—Rats in a laboratory foraging paradigm were offered 
each of four diets which differed in caloric density, and intakes, meal frequencies, meal sizes, and eating rates were 
monitored. The rats maintained a constant daily caloric intake by eating more frequent, larger meals of the lower density 
foods. However, caloric meal size was not regulated, and significant correlations between meal size and the length of the 
post-meal interval were rarely found. The 24-hour pattern of calorie intake was the same regardless of diet. Higher-calorie 
foods were consumed at a faster rate within meals than were lower-calorie foods. The feeding patterns observed suggest 
that caloric intake may be regulated over a time frame of several meals rather than on a meal-to-meal basis. 
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ALTHOUGH all animals have approximately the same 
nutrient requirements, they use a wide variety of behavioral, 
morphological, and physiological methods, ranging from diet 
selection to gut chemistry, to satisfy their nutritional needs. 
Caloric balance, for example, can be achieved by controlling 
food choice, efficiency of nutrient absorption and utilization, 
activity level, heat loss, and metabolic rate, as well as the 
rate of conversion of foods by fermentation and microbial 
digestion. Numerous studies of the albino rat have shown 
that it is exquisitely sensitive to diet composition. When 
given the opportunity to select from a variety of potential 
foods, a rat can regulate caloric as well as nutritional intake 
behaviorally by both the choice and amount of food items 
consumed [1,26]. However, despite an extensive literature 
concerning the regulation of food intake (see [16] for a re- 
view), we still do not understand the factors and mechanisms 


responsible, or even over what time course regulation nor- ~ 


mally occurs. 

Because rats eat in meals [27], alterations in total food 
consumption must result from changes in meal frequency or 
meal size, or both. According to traditional theories of in- 
take, which may oversimplify a complex process, systematic 
changes in the size of meals as a function of the caloric 
density of food would suggest that intake is metered during 
ingestion, perhaps via sensory information arising in the 
mouth or stomach. Changes in meal frequency, on the other 
hand, would be consistent with a post-absorptive mechanism 
of caloric measurement. Few studies have explicitly exam- 
ined the meal patterns of rats challenged to maintain energy 
balance by adjusting their food intake, and the data are in- 
consistent. For example, when the caloric demand is in- 
creased by lowering the ambient temperature, rats have been 
found to increase their intake by increasing meal size, but 


not frequency [9], or by increasing only meal frequency [17]. 
Snowdon [28] reported that rats fed several dilutions of a 
liquid diet used primarily meal size, and meal frequency to a 
lesser extent, to adjust their intake. Kanarek [15] fed rats 
either a diluted or concentrated form of their normal chow 
and found that the method of adjustment of intake depended 
on the cost of initiating a meal as well as the type of altera- 
tion. When meal-initiation costs were low, the rats utilized 
only meal frequency to adjust food intake; but at high costs 
meal sizes also differed between the concentrated and di- 
luted diets. 

It is critical in these types of studies that food intake and 
meal parameters be precisely determined. A laboratory 
foraging paradigm which incorporates operant techniques [7] 
has proven to be a powerful tool in this regard. In a free- 
feeding situation, rats eat a variable, large number of small 
meals per day [27]. In contrast, when rats must pay a 
‘*price’’ in order to initiate a meal, the daily meal frequencies 
decline and meal sizes increase [5]. More importantly, the 
variability of these measures is reduced in the foraging 
paradigm, and changes which do occur in response to exper- 
imental manipulation are easily detected. Additionally, if the 
food is offered in the form of uniformly-sized pellets, and if a 
price must be paid for each pellet within meals, then meal 
sizes and rates of eating also may be precisely measured. 

We can make several predictions based on economic 
considerations about the behavior of rats eating pellets of 
different caloric density in this paradigm. One effect of low- 
ering the caloric density of the food is that each calorie costs 
more—that is, in order to eat the same number of calories, 
the rat must earn more pellets and therefore make more bar 
presses. One way of controlling this increase in cost is to eat 
less: rats have been found to decrease their intake as the 





TABLE 1 


COMPOSITION (PERCENT BY WEIGHT) OF DIETS OF DIFFERENT 
CALORIC DENSITIES 





Diet (kcal/g) 
Component 4.0 3.5 3.0 





Protein (22.9% kcal) 
casein 
di-methionine 
l-cystine 

Carbohydrate 

(53.2% kcal) 
sucrose 
dextrose 

Fat (23.9% kcal) 
corn oil 

Minerals 

Vitamins 

Choline citrate 

Binder 

Fiber 





within-meal price of food (in fixed ratio of bar presses per 
pellet) increases [5]. Also, since earning more pellets takes 
more time, an economic response to decreasing caloric den- 
sity would be to respond, and eat, faster when consuming 
lower-density food, thereby saving eating time. An increase 
in response rate is one of the most reliable effects of increas- 
ing the price of food pellets within a meal [5]. 

The changes in the within-meal price of food resulting 
from differences in caloric density of the pellets would not be 
expected to affect the pattern of meal taking, however. Meal 
frequency and size are reported to be unaffected by the price 
of pellets [7] (see [14] for an exception), and this makes sense 
in terms of cost/benefit analyses since in this situation the 
total pellet cost is not a function of meal patterns. For 
example, earning 500 pellets will cost 500 x the price of each 
pellet whether eaten in 10 meals of 50 pellets, or in 5 meals of 
100 pellets. In fact, if there is a price on meal initiation, any 
increase in meal frequency will entail increased foraging 
costs. Such an increase would not be expected because, as 
noted above, rats have been shown to reduce foraging costs 
by decreasing meal frequency as meal initiation costs in- 
crease. 

The present study utilized such a foraging paradigm to 
monitor the behavior of freely-feeding rats offered food 
which varied in caloric density. The animals had complete 
control over their feeding: they could initiate meals at any 
time throughout the day by bar pressing to activate a pellet 
dispenser, and within each meal they could earn any number 
of food pellets. The effects of dietary caloric density on meal 
size, frequency, and distribution, and on the rate of eating 
were examined. 


METHOD 


Animals 


Twenty, 50-day-old, Sprague-Dawley-derived male rats 
(Camm Research) were assigned to one of four groups. 
There were two variable-diet groups of 8 animals each (one 
‘*foraging’’ and one “‘no-cost’’ group), matched on the basis 
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FIG. 1. Mean body weights of rats which foraged (*‘variable forag- 
ing,’ n=8) or had free access (“‘variable free access,’" n=8) to four 
diets which differed in caloric density, or ate a diet of 3.5 kcal/g 


(‘constant 3.5," n=2), or ate Purina chow (“‘constant chow,”* n=2), 
from 70 to 200 days of age, in 10 day blocks. 
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of body weight, and two-constant diet groups of two animals 
each. All animals were individually housed in a room with a 
12:12 hr light/dark cycle (lights on at 0800 hr), with ad lib 
access to water. At 0900 hr each day the animals were 
weighed, food and water intakes were determined, the room 
was Cleaned, and the operation of the equipment was tested. 
This maintenance period lasted about an hour. 


Apparatus 


Each foraging rat was housed in a large (41x23 19 cm) 
cage (Hoeltge) equipped with a feeder (Davis Scientific) 
which dispensed pellets into a food cup at one end of the 
cage. A 1.5-cm diameter, t-shaped bar (BCS), requiring 35 g 
of force to depress, was mounted 9 cm above and 5 cm to one 
side of the food cup. A 2.5-cm 7 W light (Dialco) was 
mounted 5 cm above the bar. No-cost and constant diet 
animals were housed in smaller (23x 18x 19 cm) cages with 
tunnel feeders; meal patterns were not recorded. Operation 
of the experimental apparatus was controlled by elec- 
tromechanical equipment located in another room, and re- 
sponses were recorded by microprocessors (CBM/PET). 


Diets 
A standard, casein-based diet (T-101, BioServ, Inc., 
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Frenchtown, NJ) was modified by the manufacturer to 
produce diets with caloric densities of 2.5, 3, 3.5, and 4 
kcal/g (Table 1). The lower densities were achieved by dilut- 
ing the 4 kcal/g formulation with non-nutritive celluflour; 
thus the ratios of macro- and micronutrients were constant. 
Diets were produced in the form of 45-mg pellets (fed to the 
foraging group) and meal (fed to the no-cost group, which 
controlled for the effects of foraging costs on intake regula- 
tion and growth). The animals in these groups received each 
of the four diets, as described below. The other four rats 
received constant diets throughout the experiment. Two 
were fed a standard cereal-based chow meal (Purina), to 
provide a standard growth curve, and two received the 3.5 
kcal/g diet, to control for any effects of varying the diets on 
growth of the foraging and no-cost rats. 


Procedure 


Two prices were placed on feeding in the foraging 
paradigm. The rat initiated a meal by completing a fixed ratio 
of 80 bar presses, which produced illumination of the light 
over the bar, signalling that the pellet dispenser was opera- 
tional. The rat consumed food within the meal by completing 
a fixed ratio of 10 bar presses for each pellet. When 10 con- 
secutive minutes passed without a pellet being earned, the 
meal was terminated: the light went out and the pellet dis- 
penser became inoperative. The rat could initiate another 
meal at any time by completing the initial 80 bar presses 
again. The initiation, termination, and size of meals were 
under the rat’s control at all times except during the mainte- 
nance period. 

All animals in the foraging and no-cost groups received 
each of the four purified diets in a Latin-square design. Each 
diet condition lasted for at least 20 days and occasionally 
longer because of apparatus failures. After the completion of 
the Latin-square, the diets were presented again, for 10 days 
each, in a replication. 

The mean daily intake, meal frequency, meal size, and 
eating rate of each rat for the last five days of each diet 
condition were compared with a Latin-square analysis of 
variance with repeated measures [31] (4 diets x 4 ordinal 
positions, 2 rats in each group). Except where indicated, the 
analyses presented here were performed on the combined 
means of the two replications (that is, the means of 10 days, 
the last 5 days of each replication). Average patterns of daily 
intake (total intake, meal size and frequency) in four-hour 
blocks throughout the day were also compared between di- 
ets. Additionally, the Pearson’s product-moment correlation 
coefficient for meal size and both the pre- and post-meal 
intervals were computed for each rat for the last five days of 
each diet condition. Excluded from the latter analyses were 
(1) the intervals preceding meals which immediately fol- 
lowed the maintenance period, and (2) the intervals following 
meals which immediately preceded the maintenance period, 
because these intervals were interrupted by the experi- 
menter. Correlations were computed for all meals and also 
for only those meals occuring in the dark, since the relations 
have been reported to be stronger at night [20]. 


RESULTS 


Consumption of the purified diet, either at a constant 3.5 
kcal/g or in varying caloric densities, did not impair the 
growth of these rats compared to the chow controls. The 
foraging rats gained weight at a somewhat slower rate than 
the others, and those with free access to the constant- 
density, purified diet grew the fastest (Fig. 1). 
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FIG. 2. Mean (+S.E.) daily intake in calories (top) and grams (bot- 
tom) of four diets differing in caloric density by free-feeding (n=8) 
and foraging (n=8) rats. 





Except where noted below, the data from the two rep- 
lications of the Latin square were not different, and have 
been combined for presentation here. There was no effect of 
foraging on total intake: foraging and free-access rats con- 
sumed equivalent amounts of food, F(1,14)=0.02, ns. Rats in 
both groups regulated their daily caloric intake by eating 
more of the lower-calorie diets, F(3,12)=106.17, p<0.001 
(Fig. 2). They ate about 60% more of the 2.5 kcal/g diet than 
the 4.0 kcal/g diet, defending an energy intake of about 70 
kcal per day. 

Day/night rhythms in eating were evident in the daily in- 
take patterns of the foraging rats (Fig. 3). The pattern was 
nearly identical for all four diets, with the greatest intake 
occurring in the dark, especially in the time block just after 
the lights went out. There was also a peak in intake just after 
maintenance each day. Within each time period the caloric 
intake was the same regardless of diet. 

During the first presentation of the diets, the rats 
achieved the greater intake of the low-calorie diets by eating 
both more meals, F(3,12)= 10.16, p><0.01, and bigger meals, 
F(3,12)=7.31, p<0.01, of those diets (Fig. 4). In spite of the 
larger size in grams of meals of the lower-density diets, the 
differences were not great enough to maintain a constant 
caloric meal size; and meals of the high-density food were 
calorically largest, F(3,12)= 10.68, p<0.01. These effects of 
density on meal patterns were seen throughout the day (Fig. 
5), that is, the differences in frequency and size occurred in 
each time block examined. 

During the second presentation of the diets, however, the 
rats controlled their caloric intake by varying only meal fre- 
quency, F(3,12)=100.05, p<0.001. Meal size in grams re- 
mained constant across all diets, F(3,12)=2.35, ns, and thus 
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FOUR-HOUR BLOCKS 


FIG. 3. Mean intake by 8 rats, in four-hour blocks during the day, in 
grams (top) and calories (bottom) of four diets differing in caloric 
density. Since the time block from 8 a.m. to 12 noon was interrupted 
by the daily maintenance period (designated by M), this block is 
shown in two parts, each of approximately | to 2 hours. The hori- 
zontal bar indicates the dark phase of the light cycle. 


caloric meal size was strongly related to the caloric density 
of the food, F(3,12)=44.97, p<0.001 (Fig. 4). 

The rate of bar pressing was an increasing function of the 
caloric density of the diet (Fig. 6). This was true of the local 
rate, computed by excluding any pauses in responding longer 
than 15 sec, F(3,12)=45.03, p<0.001, as well as the average 
rate during meals, F(3,12)=69.51, p<0.001. This resulted in 
a significant difference between the diets in the rate of pellet 
and calorie intake within meals: higher density food was 
eaten faster, F(3,12)=70.12, p<0.001. 

To examine the transitions from a diet of one density to 
another, we compared the meal patterns on the first 5 days 
each diet was experienced with the mean value for the last 5 
days of the previous diet (Fig. 7). Since the transitional pat- 
terns were similar for all transitions from lower to higher 
density (2.5 to 3, 2.5 to 4, 3 to 3.5, and 3 to 4 kcal/g), and for 
all transitions from higher to lower density (4 to 3, 4 to 2.5, 
3.5 to 3, and 3.5 to 2.5 kcal/g), we grouped the data in those 
two categories. The rats initially overate when switched 
from a lower to a higher density diet, and underate when 
making the opposite transition. This occurred in spite of an 
adjustment, in the ‘‘appropriate’’ direction, in the bulk in- 
take on the first day a new diet was encountered. By the 
third day of a new diet, the caloric intake was within the 
normal range, although still not at the level achieved by the 
end (days 15-20) of the diet condition. 
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FIG. 4. Mean (+S.E.) daily meal frequency (top) and meal size in 
grams (middle) and calories (bottom) for 8 rats during two exposures 
to diets of four caloric densities. 





The changes in total intake were achieved initially by 
changes in meal frequency. In fact, the meal frequency seen 
on the first day of a new diet was not different from that seen 
at the end of that diet condition. Meal size changed more 
gradually—and even after eating a new food for 5 days, the 
sizes of meals were still at transitional levels. 

The pre- and post-prandial correlations between meal size 
and intermeal interval were inconsistent (Table 2). Signifi- 
cant post-prandial correlations were found for at least one 
diet in only three rats; all were positive correlations. Surpris- 
ingly, seven rats had significant negative correlations be- 
tween meal size and the preceding intermeal interval for at 
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FOUR-HOUR BLOCKS 
FIG. 5. Mean meal frequency (top) and meal size in grams (middle) 


and calories (bottom) in four-hour blocks during the day for 8 rats 
eating diets of four caloric densities. Time blocks are as in Fig. 3. 





least one diet. When these correlations were determined 
using only meals taken in the dark, fewer significant correla- 
tions were found. 
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FIG. 6. Mean (+S.E.) rates of responding (top), pellet consumption 
(middle), and calorie consumption (bottom) for 8 rats eating diets of 
four caloric densities. 





DISCUSSION 


These data confirm the rat’s ability to maintain a constant 
daily caloric intake from foods differing in caloric density; 
and the adjustments in feeding patterns which occurred indi- 
cate that caloric regulation is only one aspect of a multifac- 
eted system which controls food intake. Lower-density 
food was eaten more slowly and in larger, more frequent 
meals than higher-density food. Despite the larger gram size 
of meals of lower-density food, caloric meal size was not 
regulated. Instead, the rats maintained a relatively constant 
calorie intake within 4-hour periods throughout the day, in- 
dicating that caloric intake was controlled over a time frame 
of several meals rather than on a meal-to-meal basis. 

The reliance on increased meal frequency to compensate 
for reduced caloric density was unexpected from an eco- 
nomic standpoint. The daily cost of foraging increased with 
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FIG. 7. Daily intake in calories and grams (top panels) and meal 
frequency and size (bottom panels) during transitions from one diet 
(“‘old diet’’) to a diet which differed in caloric density (‘‘new diet’’). 
Filled bars show transitions from lower-calorie (2.5 or 3.0 kcal/g) to 
higher-calorie (3.5 or 4.0 kcal/g) diets, and open bars show transi- 
tions from higher-calorie to lower-calorie diets. Mean values for the 
last 5 days the old diet was eaten are given to the left of the dashed 
line; the remaining values are means for each of the first 5 days the 
new diet was eaten. Values are means of 2 transitions for each of 8 
rats. Vertical bars indicate S.E. 
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TABLE 2 


NUMBER OF RATS (OUT OF 8) HAVING SIGNIFICANT (p<0.05) 
CORRELATIONS BETWEEN MEAL SIZE AND THE LENGTH OF 
INTERMEAL INTERVALS 





Pre-meal interval* Post-meal interval 
All Dark All Dark 
meals meals mealst meals 








*All were negative correlations (range: —0.80 to —0.37). 
tAll were positive correlations (range: 0.34 to 0.58). 
Two were positive, one was negative (range: —0.51 to 0.67). 


meal frequency because the initiation price was paid more 
often. Animals typically behave so as to reduce this cost 
[5,7]. Further, in a study in which the number of calories per 
pellet was reduced by offering smaller pellets of the same 
food, rats compensated completely by increasing the number 
of pellets consumed in each meal; there were no increases in 
meal frequency [13]. Additionally in that study, the within- 
meal response rate was inversely related to pellet size, a 
tactic which counteracted the longer time required to con- 
sume the daily ration of small pellets compared to large pel- 
lets. That effect contrasts with the results of the present 
study in which response rate was an increasing function of 
caloric density, and the animals spent much more time eating 
their daily ration of lower-density foods. We should note that 
the rate function seen here is consistent with that reported 
for the effects of the concentration of nutrients on the rate of 
intake of solutions. For example, the rate at which rats con- 
sume a sucrose solution is an increasing function of sucrose 
concentration [6,8]. The celluflour component of the lower- 
density pellets may have made them less “‘palatable,”’ a fac- 
tor which may reduce the rate of food consumption [2]. 
The patterns of transition between diets indicate that sev- 
eral sources of information may be integrated in establishing 
a pattern of intake of available food which will provide ap- 
propriate calories. When a new diet was encountered, the 
rats immediately modified their meal frequencies to compen- 
sate for the difference in caloric density. Meal sizes, on the 
other hand, actually changed in an ‘‘inappropriate’’ direction 
on the first day (producing the over- or under-consumption 
of calories), and only gradually were they adjusted to com- 
pensate for caloric density. Le Magnen [19] has reported a 
similar pattern of changes in meal parameters during some 
transitions between different-density diets. The initial effects 
on meal size are consistent with the reported effects of 
palatability on meal size [29] and might also be compared to 
‘‘contrast effects’’ reported after shifts in reward in studies 
of animal learning [12]. In any case, as the rats were exposed 
to a diet, meal size was gradually modified in accord with 
their nutritional needs and environmental contingencies. It is 
noteworthy, in light of data indicating that rats can learn to 
use sensory cues to control intake [3], that previous experi- 
ence with a diet did not appear to hasten the use of meal size 
as a regulatory tactic—during the second exposure to the 
diets, alterations in meal size did not contribute to caloric 
regulation. The shorter length of each condition (10 days 





MEAL PATTERNS AND CALORIC REGULATION 


compared to 20 days for the first exposure) may partly ac- 
count for this effect, however. 

A popular model of intake regulation is based on cycles of 
physiological depletion and repletion, with feeding behavior 
initiated whenever the blood or brain level of a particular 
metabolite falls below a certain point. Le Magnen [18] is 
perhaps the strongest proponent of such a control system, 
relying in part on data showing a strong positive correlation, 
especially at night, between the size of a meal and the time 
until the next meal begins (the ‘‘post-prandial correlation’) 
[20]. This model is not supported by the present results, 
however, because we rarely found significant or strong cor- 
relations between meal size and post-meal-interval length. A 
number of studies have failed to find the post-prandial corre- 
lation in rats’ feeding patterns; and Levitsky [21] has 
suggested that there is a critical caloric meal size (7-11 kcal) 
which must be achieved before this relationship is evident. 
In the present study, however, meals were larger than the 
minimum he reported. 

Our data do not discount the potential ability of the rat to 
monitor its metabolic state or to detect calories, or some 
surrogate of calories, during ingestion. Clearly, there are 
situations in which animals wait longer to feed again after 
larger meals, and McHugh and others have shown that under 
certain conditions animals can meter immediate caloric in- 
take precisely [25,30]. These data are obtained in restricted 
situations where food is abundant and readily available and 
where there are few other demands on the animal. Rather, 
we would caution that these processes may not be responsi- 
ble for the day-to-day caloric regulation which normally oc- 
curs. The critical point is that these rats regulated their 
caloric intake over a span of several meals, with the perhaps 
surprising implication that the mea/ may not always be the 
appropriate unit of analysis for an examination of nutritional 
**homeostasis.”’ If one considers an animal in its natural 
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habitat, meal taking is only one of a number of “‘buffering”’ 
mechanisms which allow continuously metabolizing 
animals to cope with discontinuous resources and multiple 
behavioral needs [24]. Additional buffers include food- 
storage devices such as mouth pouches, the crop, and the 
stomach, and nutrient storage systems such as adipose tissue 
and bone. 

In fact, the commonly accepted depletion-repletion model 
of intake regulation may be misleading because it tends to 
focus only on physiological processes which, rather than 
being primarily responsible for patterns of intake, may be 
only some of the many sources of information which influ- 
ence feeding. These data emphasize the importance of rec- 
ognizing the multiple mechanisms which may interact to 
produce particular feeding patterns. Although there may be 
limiting conditions, rats (which, like man, are generalist 
omnivores) can and will vary the specific parameters of their 
feeding behavior rather widely in order to obtain appropriate 
amounts of calories and nutrients in a variety of situations. 
The time window over which regulation occurs may be wider 
than that implied by the conventional feedback loops, and 
may vary depending upon circumstances. Meal patterns may 
be the result of behavioral tactics as well as the physiological 
consequences of ingestion. Our understanding of the regula- 
tion of food intake will be enhanced by insights into the 
metrics used by the animal in the assessment of both nutri- 
tional and environmental variables, as well as the processes 
involved in the integration of this information into an effi- 
cient pattern of calorie and nutrient consumption. 
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FACCHINETTI, G.,C. GIOVANNINI, C. BARLETTA, F. PETRAGLIA, R. BUZZETTI, F. BURLA, R. LAZZARI, A. R. 
GENAZZANI AND D. SCAVO. Hyperendorphinemia in obesity and relationships to affective state. PHYSIOL BEHAV 
36(5) 937-940, 1986.—Eight obese patients (exceeding ideal body weight by 50% or more) with no endocrinological or 
metabolic disorders and 8 healthy, age-matched, normal-weight volunteers were submitted to an overnight short dex- 
amethasone (DXM) suppression test and to a psychological assessment through various psychometric scales. Plasma 
B-Endorphin (B-EP), B-Lipotropin (B-LPH), ACTH and cortisol concentrations were evaluated in basal conditions, as well 
as 9 and 17 hours after latenight administration of 1 mg DXM in both groups. All hormones were measured by radioim- 
munoassay, either directly in the plasma (ACTH and cortisol) or after silicic acid extraction and Sephadex G-75 column 
chromatography (B-LPH and B-EP). In obese patients, plasma B-EP levels in basal conditions were three times higher than 
in normal weight controls and remained unaltered by DXM suppression. ACTH and B-LPH, in contrast, were within the 
normal range and were significantly reduced by DXM. In 3 of the 8 patients, plasma cortisol concentrations at 17 hours 
post-DXM were greater than 50 ng/ml indicating an early escape from the suppression. Psychometric evaluations revealed a 
prevalence of depressive personality in obese patients. These data indicate an hypersecretion of B-EP in obese patients, 
which is only partially dependent on hypothalamic control. 


Obesity Depression Beta endorphin 





ENDOGENOUS opioids, particularly B-Endorphin (B-EP) 
seem to play an important role in some types of pathological 
food consumptions, and particularly in hyper-phagic obesity. 
This linkage between opioid peptides and overeating was 
first demonstrated by Grandison and Guidotti [13] who 
showed that injection of B-EP into the ventral medial hypo- 
thalamus stimulated appetite in satiated rats. The same ex- 
periment had been repeated on sheep using an enkephalin 
analogue while peripheral injection of naloxone, the specific 
antagonist of opiate receptors, reduced food intake [2]. In 
addition, genetically hyperphagic rats showed elevated 
plasma levels of B-EP and ACTH, together with increased 
pituitary content [17]. Such a relationship between opioid 
peptides and obesity has been recently confirmed in human 
obesity [1] and in the Prader-Willi syndrome [15], where 
naloxone administration was able to reduce hyperphagia. 
These results were not supported by O’Brien et al. [18]; they 
however did not evaluate food intake, but rather studied 
subjective appetite and hunger under naloxone infusion. 

Furthermore, preliminary data indicate a B-EP hyperse- 
cretion in pubertal and adult obese subjects [7,9] who do not 
show a circadian rhythm in B-EP plasma levels, although 
they maintain rhythms for ACTH and cortisol. 





On the other hand, obese patients frequently display 
mood disturbances. Compulsive food consumption, such as 
alcohol abuse, could be secondary to emotional disorders, 
possibly related to life stress [23]. 

The powerful behavioral effects of B-EP and related pep- 
tides [19] has led various authors to postulate a pathogenic 
role for endogenous opioids in depressive disorders. Indeed, 
plasma B-EP levels have been found to be elevated in both 
endogenously and non-endogenously depressed patients 
[3,10] who display an activation of the hypothalamus- 
pituitary-adrenal axis as documented by the abnormally 
rapid return of plasma cortisol to normal values (escape) 
after an overnight dexamethasone suppression test (DST) 
[6]. Since both obese and depressed patients showed a B-EP 
oversecretion of unknown origin, it seemed useful to eval- 
uate the pattern of plasma B-EP and its related peptides, 
B-Lipotropin (B-LPH) and ACTH, both in basal conditions 
and after dexamethasone suppression in a group of hyper- 
phagic, obese patients. 


METHOD 
We studied 8 patients of both sexes (average age 33+11 
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FIG. 1. Plasma hormonal concentrations (Mean+ SE, fmol/ml) in obese 
patients (hatched bars) and controls (open bars) in basal condition and 
after 9 (8 a.m.) and 17 (4 p.m.) hours post dexamethasone suppres- 
sion. One (p<0.05) and two (p<0.01) triangles indicate statistical 
significance in respect to basal value. 


years) (middle class background), with 10+5 years of educa- 
tion, with an average excess weight of 63+9.1%. Basal insu- 
lin concentrations ranged between 8.2 and 17.3 mU/ml (nor- 
mal 5-20) with a mean value (+SD) of 12.8+3.2 mU/ml. 

Heparinized blood samples (plus 500 KIU/ml of Trasylol, 
as preservative) were drawn in basal conditions and at 8 a.m. 
and 4 p.m. after dexamethasone administration (DXM) (1 mg 
orally at 11 p.m.). The same procedure was applied to 8 
normal healthy volunteers, aged 20-49 years. To avoid the 
stressing effect of venipuncture, blood samples were taken 
after 20 minutes of saline perfusion through a catheter. 
Obese patients were also submitted to psychological exam- 
inations using the following mental tests: STAI-X1 (State 
Trait Anxiety Inventory) (State Anxiety), STAI-X2 (Trait 
Anxiety), A.C.L. (Adjective Check List) (Self versus ideal 
self concept), M.M.P.I. (Minnesota Multiphasic Personality 
Inventory) evaluated on clinical scale D (Depression) and 
respective derived scaled: ‘‘Pure depression,’’ ‘*Non over- 
lapping purified depression,’ ‘Subjective depression,” 
**Psychomotor retardation,’ ‘‘Physical malfunctioning,” 
**Mental dullness,”’ ‘* Broading.”’ 

ACTH through immunoradiometric assay (IRMA) and 
cortisol by radioimmunoassay (RIA) were measured directly 
in plasma samples using commercially available kits 
(Eurodiagnostic, NL and Radim, Rome, I). B-LPH and 
B-EP were also measured by specific RIAs, after plasma 
extraction with silicic acid and Sephadex G-75 gel chroma- 
tography of each extract in order to separate the two pep- 
tides as reported elsewhere in detail [3,20]. 

All the materials were provided by Prof. C. H. Li (San 
Francisco, CA) with the exception of synthetic B-EP (Orga- 
non, Oss, NL). Anti LPH C- and N-terminal sera were re- 
spectively used by B-EP and B-LPH RIAs. Iodination of 
peptides was accomplished by Iodogen (Pierce, USA), and 
labelled proteins were purified on a minicolumn of Sephadex 
G-25. Assay sensitivity was 1.1 fmol tube for both B-LPH 
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FIG. 2. Relationship between cortisol response to dexamethasone 
suppression test and scores of depression present at ‘‘Scale D’’ of 
MMPI. Dotted lines represent the border between normal and patho- 
logical response. 


and B-EP. Interassay coefficients of variation were 12.9+2.7 
and 13 4+3.0, respectively. 

Statistical analysis of results was performed by ANOVA 
and correlation analysis using the Spearman method. 


RESULTS 


Basal hormonal values and their response to dex- 
amethasone suppression test (DST) are reported in Fig. 1. 
In obese patients, plasma cortisol levels (207.0+59.3 ng/ml; 
Mean+SD) were slightly but not significantly higher than in 
control volunteers (165.8+31.3), while B-EP concentrations 
(29.7+6.2 fmol/ml) were nearly three times higher than in 
normal weight controls (11.8+4.6, p<0.01). Both ACTH 
(10.3+4.8 fmol/ml) and B-LPH (9.0+4.9 fmol/ml) basal val- 
ues of obese patients were within the normal range (8.8+3.2 
and 9.2+4.0, respectively). 

In control volunteers, short glucocorticoid treatment sig- 
nificantly suppressed plasma hormonal concentrations, al- 
though with a different efficacy. The highest percentage of 
suppression was shown by plasma cortisol levels both at 8.00 
a.m. (92.1+3.7%) and 4.00 p.m. (92.6+4.5), while B-EP 
plasma concentrations were reduced by only 49.0+ 18.4 and 
51.8+21.3%. DST in obese patients induced a decrease in 
plasma cortisol. B-LPH and ACTH levels similar to the con- 
trol group, while B-EP concentrations were slightly but not 
significantly reduced by the treatment (Fig. 1). 

From the analysis of the score obtained through ACL 
mental tests, no significant results were found in obese pa- 
tients. This was also true for the STAI X1 (43.28+3.86) and 
STAI X2 Tests (49.71+6.26) in which the obese patients’ 
results were not significantly different from those of healthy 
patients. 

On D clinical scale of MMPI, obese patients obtained a 
mean score (67+ 13) which was significantly higher than that 
of the control group (49.8+ 13) (p><0.05).The single items on 
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the clinical scale (considering as normal value any score up 
to 50) were: ‘‘Pure Depression’’ 45+ 12, ‘‘Non overlapping 
purified depression’ 61+ 14, ‘‘Obvious Depression’’ 67+ 10, 
‘“‘Subtle depression’’ 42+14, ‘‘Subjective depression”’ 
45+13, ‘‘Psychomotor retardation’’ 52+14, *‘Physical mal- 
functioning’’ 67+11, ‘‘Mental dullness’’ 67+ 18, ‘‘ Broading”’ 
65+9. 

Analysis of correlations showed a significant relation 
(p<0.05) between D scale of MMPI and both basal plasma 
cortisol levels and concentrations measured at 4.00 p.m. 
after DST. As reported in Fig. 2, the escapers to dex- 
amethasone suppression (cortisol over 50 ng/ml) show the 
highest score of depression. 

A more detailed analysis on the relation between de- 
pressed trait and plasma cortisol using scales derived from D 
scale showed the following significant results: (a) The 8.00 
a.m. post DST cortisol with ‘“‘Obvious depression’’ (p<0.05), 
**Mental dullness’’ and ‘‘Subjective Depression’’ (p<0.001); 
(b) The 4.00 p.m. post DST cortisol values with ‘* Purified 
depression’’ (p<0.05). No statistically significant correla- 
tions were found between B-LPH, B-EP or ACTH plasma 
values and psychological variables. 


DISCUSSION 


In this study the hyperendorphinemia found in obese pa- 
tients agrees with a number of animal reports indicating that 
genetically determined obesity is characterized by increased 
B-EP in pituitary and brain [12, 17, 22]. Although this opioid 
hyperactivity could be a consequence rather than a cause of 
obesity, Rossier and coworkers [22] demonstrated increased 
posterior pituitary content of leu-enkephalin in the same in- 
bred animals, even in the first month of life (i.e., before the 
development of obesity), while pituitary B-EP was increased 
concomitantly with the weight-gain. 

Considering that circulating B-EP, B-LPH and ACTH in 
humans mainly originates from the cleavage of pituitary 
proopiomelanocortin (POMC) [16], in obese patients the 
normal ACTH and B-LPH levels and the three-times higher 
B-EP concentrations, could be the result of an altered POMC 
enzymatic breakdown and/or the contribution of sources dif- 
ferent from the anterior pituitary to the circulating B-EP. 
Such a hypothesis is supported by the failure of dex- 
amethasone in suppressing plasma B-EP in obese patients 
while the short glucocorticoid treatment for some days sig- 
nificantly reduced the other two POMC-related peptides and 
cortisol in both obese and control subjects. It is now gener- 
ally accepted that pituitary and circulating ACTH, B-LPH 
and B-EP concentrations are controlled by corticotrophin- 
releasing factor (CRF) and all spontaneous changes (circa- 
dian rhythm) [20] and pharmacologically-induced manipula- 
tions of hypothalamic CRF  (insulin-hypoglycemia, 
methyrapone, dexamethasone) [16] are followed by simulta- 
neous changes in plasma levels of the three POMC-related 
peptides. Thus, the plasma B-EP unresponsiveness to dex- 
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amethasone suppression and the recently reported lack of 
B-EP circadian rhythm both in adult [7] and in pubertal [9] 
obese patients gives further evidence that B-EP hypersecre- 
tion in obese patients is only partially dependent on hypotha- 
lamic control. These data agree with the absence of plasma 
corticosterone circadian rhythm in Zucker rats [12], reinforc- 
ing the concept that obesity concurs with disturbances in 
brain chronorganization. These last authors, however, 
found normal plasma levels and pituitary content of B-EP, 
supporting other evidence [24] against the possible effect of 
peripheral opioids on food intake. On the contrary, recent 
animal experiments describe an increase of plasma B-EP 
during periods of increased appetite [8]. These would seem 
to agree with the data provided by our experiments. 

Psychometric evaluation indicated that neither anxiety 
state or trait, nor deviations of self versus ideal image were 
present in obese patients who on the other hand showed a 
trend toward depression at MMPI namely “Obvious De- 
pression,’ ‘‘Mental Dullness,’’ and ‘* Broading.”’ 

These findings agree with a general clinical concept that 
obese people are likely to develop psychosis and it is well- 
known that food intake alterations could originate as a patho- 
logical response to “‘life distress’ [4]. It should be mentioned 
that our patients were not submitted to dietary restrictions or 
starvation, conditions known to induce psychotic reactions 
[21]. Psychiatric patients, particularly those displaying mood 
disturbances, showed an enhanced activity of the hypothal- 
amus pituitary-adrenal axis [5] with pathologically elevated 
plasma levels of B-EP [3, 10, 11]. 

The B-EP hypersecretion of secondary (reactive) de- 
pressed patients is unresponsive to glucocorticoid suppres- 
sion [10], like the obese people in this study. These data 
suggest that a similar biochemical defect, involving a class of 
hormones able to influence both affective state and food in- 
take [19] could underline either depression or obesity. 

It is well established that endogenous depressed patients 
show an escape of plasma cortisol from a short Dex- 
amethasone Suppression Test (DST) [6] and recently the 
same biochemical test has been found positive also in a 
group of patients with secondary non-melancholic major de- 
pressive disorders [5]. Thus, the abnormally rapid return to 
normal cortisol values after DST found in 3 of the 8 patients, 
namely those showing the highest scores of depression at 
MMPI, gives further support to the link between obesity and 
personality disorders. Although this finding stimulates inter- 
est, it needs confirmation in a larger group of patients, since 
an abnormal response to DST has been described also in 10% 
of a normal, healthy population [14]. 

In conclusion: (a) the raised B-EP plasma levels; (b) their 
unresponsiveness to glucocorticoid suppression and (c) the 
escape of plasma cortisol to DST found in a subgroup of 
obese patients, indicate that an abnormal POMC-related 
peptides secretion in obesity is similar to that observed in 
patients with affective disorders. 
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RAMIREZ, I. Intragastric feeding differentially affects apparent rate of gastric emptying of phenol red and carbohydrate. 
PHYSIOL BEHAV 36(5) 941-945, 1986.—The effects of intragastric feeding on subsequent gastric emptying of glucose and 
glucose polymer solutions were investigated in rats having chronic gastric catheters. Rats were tested by a modification of 
the serial test meal method of Hunt. Six ml of solution was fed by mouth or gastric catheter and stomach contents were 
drained 15 to 60 minutes later. Dilution of stomach contents by gastric secretions and the fluid used to rinse the stomach 
was assessed by measurement of phenol red and direct assay of the carbohydrate. These two indicators gave very different 
results. Intragastric feeding of severely food deprived rats appeared to accelerate gastric emptying 30 to 60 minutes after 
feeding when phenol red was used but not when carbohydrate was used as a marker. Intragastric feeding did not signifi- 
cantly affect the apparent rate of gastric emptying in this same 30-60 minute period in mildly food deprived rats. Even 
though phenol red and glucose usually give similar results, it is probably inappropriate to estimate the emptying of glucose 
solely on the basis of measurements of phenol red. When carbohydrate was used as a marker, the chief effect of intragastric 
feeding is to produce some dumping of gastric contents within 15 minutes after the beginning of intragastric infusion. 
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IN recent years, students of appetite regulation have become 
increasingly interested in stomach emptying. This interest 
has been stimulated by evidence that the stomach may play a 
role in the regulation of food intake [6]. In particular, the 
regulation of stomach emptying of calories has been de- 
scribed as highly precise; so precise that it is probable that 
the regulation of gastric emptying and caloric intake are in- 
timately related [8,10]. 

One difficulty with accepting the above conclusion is that 
many of the studies of gastric emptying relied on an abnor- 
mal method of feeding, intragastric feeding. Available evi- 
dence indicates that intragastric feeding can produce a wide 
variety of physiological abnormalities [13]. Indeed, some 
studies suggest that intragastric feeding may enhance gastric 
emptying by 10-30% in humans [7,9] and as much as 40% in 
rats [11,13]. It is therefore surprising that regulation of 
caloric intake is usually very good when animals are given 
supplemental meals intragastrically [10, 12, 13]. If previous 
studies can be accepted at face value, it would be concluded 
that disruption of normal gastric emptying does not disrupt 
regulation of caloric intake. 

However, previous studies of the effects of intragastric 
feeding on gastric emptying suffer from several deficiencies. 
The studies of the effects of intragastric feeding in humans 
did not provide enough information to determine whether the 
effect was due to dumping by an unprepared stomach when 
initially infused [7,9]. Conceivably, subsequent stomach 
emptying may have been normal. The magnitude of the dilu- 
tion of the test fluids by gastric secretions has not been 
adequately assessed. One study used no marker to measure 


dilution by gastric secretions [11], while the other studies 
used phenol red [7, 9, 13] which can sometimes give errone- 
ous results [1,3]. 

The present experiments were designed to clarify some of 
these issues. Rats were tested by a modification of the serial 
test meal method pioneered by Hunt [7,8]. On each test day, 
rats having gastric catheters were fed by mouth or gastric 
catheter 6 ml of glucose or glucose polymer. Their stomachs 
were then drained 15 to 60 minutes later. Different times 
between feeding and draining were used on different occa- 
sions until all necessary data were obtained. The effects of 
tonicity of the carbohydrate and feeding schedule were as- 
sessed after preliminary experiments suggested that these 
might be important factors. 

Many previous studies have used phenol red as a marker 
to indicate how much the test fluid was diluted by digestive 
fluids and by fluid used to wash out the stomach [4, 7, 8, 9, 
10}. In the present experiments, the carbohydrate present in 
the test fluid was used as an additional indicator, in order to 
check on the appropriateness of the use of phenol red [1,3]. 


EXPERIMENT |! 


METHOD 
Subjects 


A total of 28 male Charles River CD rats were used. Due 
to occasional clogged catheters, complete data were avail- 
able from only 20 rats. They weighed 276+ 10 g (mean+SD) 
at the time that training began, and 355+ 18 g (mean+SD) at 
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the time that gastric catheters were implanted. From the time 
the rats arrived at the laboratory until one week after 
surgery, the rats were fed Purina Laboratory Chow. After- 
wards, the rats were fed a modification of the AIN-76 diet in 
which all the carbohydrate was corn starch [2]. Purina Lab- 
oratory Chow consists of relatively large particles which ap- 
pear to be less likely to leak from the stomach shortly after 
surgery. The semi-synthetic diet seemed to be less prone to 
leaving residue in the stomach which clogged catheters. 
Water was always available ad lib. The lights were kept on a 
12 hour on/12 hour off schedule. Testing was always con- 
ducted in the middle of the light part of the light/dark cycle. 
The temperature was maintained near to 24°C. 


Procedure 


Rats were trained to consume a 15% glucose solution in 
the following way. Twice a week they were completely de- 
prived of food for 24 hours and then offered 6 ml of 15% 
glucose for 6 hours. Food was made available again after the 
6 hour period. Rats that did not consume the glucose within 
the first 6 hours were permitted to have it overnight. After 
three weeks, all the rats were consuming the glucose within 
10 seconds after presentation. Silastic-Tygon catheters were 
then implanted into the stomachs of the rats using proce- 
dures previously described [12]. The part of the catheter 
entering the stomach was made of Silastic brand silicone 
rubber, while the part of the catheter exiting from the back of 
the head was made from Tygon brand polyvinyl chloride 
surgical grade tubing. The latter material is less likely to be 
damaged by hungry rats than silicone rubber. Surgery was 
performed on rats anesthetized with ketamine (100 mg/kg) 
and acepromazine (1 mg/kg), occasionally supplemented 
with ether. 

One week after surgery, the rats were switched to the 
AIN-76 diet and retrained to consume the 15% glucose solu- 
tion containing 30 mg/liter of phenol red [4]. Four retraining 
trials were given over a two week period. The rats were then 
randomly assigned to oral and intragastric groups and given 
one additional training trial in which rats in the intragastric 
group were given the fluid via the intragastric catheter. 
Intragastric feeding was performed by placing the rat on the 
experimenters lap, connecting a tube to the gastric catheter, 
and infusing with 6 ml of glucose solution. The infusion was 
done with a peristaltic pump set at 2 ml/min. This rate was 
chosen because it is similar to the rate that the rats consumed 
the solution by mouth. At the end of the infusion, the cathe- 
ter was flushed with 0.2 ml deionized water. The volume of 
the test meals (6 ml) was chosen in the following fashion. A 
different group of rats were starved one day and then 
allowed to drink 15% glucose until they stopped; their 
stomachs were then promptly drained via implanted cathe- 
ters. The largest volume obtained was approximately 6 ml; 
this was assumed to be the stomach volume. The concentra- 
tion of 15% of carbohydrate was originally chosen arbitrarily 
but retained because it produced a rate of stomach emptying 
sufficiently slow to allow the experimenter to sample at con- 
venient times. 

Actual testing began 16-18 days after surgery. The proce- 
dure used was the same as that used on the last training trial. 
Stomach contents were drained 15, 30, 45 or 60 minutes after 
the start of feeding. To insure nearly complete recovery, 
stomachs were rinsed at least twice with 1 ml deionized 
water; additional rinses were used if the last rinse was 
noticeably yellow (the color of phenol red when acid). Each 
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FIG. 1. Recovery of fluid from the stomachs of rats 15 to 60 minutes 
after feeding 15% glucose with phenol red. Volumes are corrected 
for dilution using either phenol red (left panel) or glucose (right 
panel). Eleven rats were fed by mouth and 9 were fed 
intragastrically. Standard errors ranged from 0.1 to 0.3 ml. 


rat was tested once at each time in random sequence but 
each rat was always fed by the same method (oral or 
intragastric). Rats were tested no more often than twice a 
week. If the catheter was clogged on one test day, the rat 
was retested on another day. Data for all four times were 
obtained from 9 intragastric and 11 oral rats. 

The volume recovered from the stomachs was measured 
and corrected for dilution by using the phenol red and glu- 
cose in the solution as markers. Phenol red was assayed by 
adding a 0.4 ml aliquot of gastric contents to 1.8 ml of 1 N 
NaOH and measuring absorbance at 560 nm. Glucose was 
assayed by mixing 40 microliters gastric contents with 2 ml 
water and putting a 10 microliter aliquot of this mixture into a 
Beckman Glucose Analyzer II (glucose oxidase method). 
For both assays, samples were compared to standards con- 
taining the solution that the rats were fed. 

Statistical significance was assessed by factorial analysis 
of variance, using an Apple II+ computer and programs 
written by the author. 


RESULTS AND DISCUSSION 


Gastric contents declined with time in a fairly linear fash- 
ion (see Fig. 1, time factor, F(3,54)=87.8, p<0.001). The 
apparent overall rate of emptying was 0.11 ml/min for glu- 
cose while it was only 0.09 ml/min for phenol red, 
F(3,54)=3.3, p<0.05. Overall recovery (average of all four 
times) was greater for the intragastric group for phenol red, 
while it was greater in the oral group for glucose (interaction 
of indicator by groups, F(1,18)=20.6, p<0.001). There was 
no evidence that intragastric feeding accelerated stomach 
emptying (see Fig. 1, all p>0.10). 

It would appear that the method of measuring stomach 
emptying has a greater effect on the results obtained than 
does the method of feeding. 


EXPERIMENT 2 


It is possible that the surprising results of the previous 
experiment might reflect some consequence of feeding a 
hypertonic solution. The present experiment examines gas- 
tric emptying of a glucose polymer with an osmotic pressure 
of only one fifth of that of glucose (as measured on a Preci- 
sion Systems ~Osmette osmometer by the author). 
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FIG. 2. Recovery of fluid from the stomachs of rats 30 and 60 min- 
utes after feeding 15% glucose polymer with phenol red. Volumes 
are corrected for dilution using either phenol red (left panel) or glu- 
cose polymer (right panel). Nine rats were fed by mouth and 10 were 
fed intragastrically. Standard errors ranged from 0.1 to 0.4 ml. 


METHOD 


Subjects and Procedure 


The rats used in the previous experiment were retrained 
to consume 6 ml of 15% Polycose (a soluble polysaccharide 
distributed by Ross Laboratories). A total of four training 
trials were given over a two week period. The rats were then 
randomly redivided into intragastric and oral groups and re- 
tested using the same procedures as in the previous experi- 
ment. The only change was that the stomach contents were 


sampled only at 30 and 60 minutes after the begining of 
feeding. These times gave satisfactory results in the previous 
experiment and using them simplified the work for the exper- 


imenter. Data for both times were obtained from 10 
intragastric and 9 oral rats. 

Phenol red was assayed the same way as in the previous 
experiment. Polycose was assayed by hydrolyzing to glucose 
with amyloglucosidase at 55°C for 3 minutes, and then 
measuring total glucose with the Beckman Glucose Analyzer 
II. As before, samples were compared to standards contain- 
ing the solution that the rats were fed. 


RESULTS 


The results were generally similar to those of the previous 
experiment. Gastric contents declined about 0.05 ml/min 
(see Fig. 2, F(1,17)=11.7, p<0.001). Overall recovery was 
greater for the intragastric group for phenol red, while it was 
greater in the oral group for Polycose (interaction of indi- 
cator by groups, F(1,17)=11.6, p<0.005). Unlike the previ- 
ous study, the rate of gastric emptying did not vary with 
indicator (p>0.1). As in the previous experiment, there was 
no evidence that intragastric feeding accelerated gastric 
emptying (see Fig. 2). 


EXPERIMENT 3 


The first two studies failed to replicate previous reports 
that intragastric feeding can accelerate gastric emptying. 
One possible explanation for this inconsistency is that the 
rats in Experiments 1 and 2 were food deprived relatively 
infrequently (no more than twice a week) while the rats in the 
previous studies were maintained on a chronic limited feed- 
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ing schedule [11,13]. Some studies indicate that feeding or 
deprivation schedule can influence gastric emptying rate 
[5,14]. The third experiment was designed to determine 
whether deprivation schedule interacted with the method of 
feeding (oral versus intragastric) and type of indicator used. 
Polycose was arbitrarily selected as the carbohydrate to be 
used. 


METHOD 
Subjects 


A total of 30 male Charles River CD rats were used. 
Complete data were obtained from 26 of these rats. They 
weighed 303+14 g (mean+SD) at the time that training be- 
gan, and 386+18 g at the time that gastric catheters were 
implanted. As in the first experiment, from the time the rats 
arrived at the laboratory until one week after surgery, the 
rats were fed Purina Laboratory Chow. Afterwards, the rats 
were fed the AIN-76 diet containing starch instead of su- 
crose. 


Procedure 


The rats were trained to consume 15% Polycose contain- 
ing 30 mg/liter phenol red, in the same way as in Experiment 
1, twice a week for three weeks. Gastric catheters were im- 
planted in the same way as in Experiment 1. 

One week after surgery, the rats were switched to the 
AIN-76 diet. One week later, the rats were divided into two 
groups. Severely deprived rats were allowed to eat only 3'/2 
hours/day weekdays and ad lib from Friday afternoon until 
Sunday afternoon. Six ml Polycose solution was available 
each weekday, two hours before feeding time. Mildly de- 
prived rats were deprived twice weekly as in the previous 
experiments. These schedules were maintained for two 
weeks before testing began; a longer adaptation period 
would have been desirable, but severely deprived rats tend 
to destroy their catheters after several weeks. 

Testing was done similarly to the method used in the pre- 
vious experiments. Severely deprived rats were given Poly- 
cose to drink or by stomach catheter on every day, regard- 
less of whether their stomach contents were sampled on that 
day. They were never tested on Mondays in order to 
minimize any effects of the ad lib weekend feeding. As usual, 
rats were only tested twice a week. Unlike previous experi- 
ments, all rats were tested under both oral and intragastric 
conditions. Gastric contents were sampled at either 30 or 60 
minutes after the beginning of feeding. The sequence of 
treatments was randomized, different sequences for different 
rats. 


RESULTS 


The observed rate of stomach emptying varied according 
to the deprivation schedule, method of feeding and indicator 
(see Fig. 3, four-way interaction, F(1,24)=6.7, p<0.02). In- 
dividual analyses of variance on each combination of depri- 
vation level and marker revealed that the only condition 
which showed an enhancement of stomach emptying by 
intragastric feeding was when the rats were severely de- 
prived and phenol red was used as the marker, F(1,12)=9.2, 
p<0.02. This effect was larger than readily apparent from 
Fig. 3. Phenol red gave emptying rates of 0.08 and 0.06 
ml/min for intragastric and oral feeding, respectively. Direct 
measurement of glucose polymer gave a rate of 0.07 ml/min 
for both methods of feeding. There was a nonsignificant 
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FIG. 3. Recovery of fluid from the stomachs of rats 30 and 60 min- 
utes after feeding 15% glucose polymer with phenol red. The two top 
panels depict data from 13 mildly deprived rats while the two lower 
panels depict data from 13 severely deprived rats. Volumes are cor- 
rected for dilution using either phenol red (left panels) or glucose 
polymer (right panels). Standard errors ranged from 0.04 to 0.2 ml. 


trend for intragastric feeding to enhance rate of emptying in 
the mildly deprived rats, F(1,12)=4.2, p<0.07. This trend is 
different from that observed in the previous experiments in 
which separate groups of rats were used for oral and 
intragastric tests. It is therefore possible that using the same 
rats for both oral and intragastric tests might contribute to 
the appearance of the intragastric feeding-induced accelera- 
tion of emptying of phenol red. As in the previous experi- 
ments, measurement of the glucose polymer produced no 
evidence that intragastric feeding altered the overall rate of 
gastric emptying; emptying rates ranged from 0.06 to 0.07 
ml/min. 

The overall analysis of variance also revealed that all four 
main effects (time, deprivation level, method of feeding and 
indicator) were significant (p<0.01), six interactions were 
significant (p<0.05), and four were not. However, the pres- 
ence of a significant four-way interaction makes the other 
effects difficult to interpret, so they will not be discussed 
here. 


GENERAL DISCUSSION 


Inspection of Figs. 1-3 reveals that measurement of 
phenol red and gluocse gave similar results in the majority of 
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the time points measured. For example, the correlation be- 
tween the two methods in Experiment 3 was 0.9. Agreement 
of this degree between two methods would normally be con- 
sidered acceptable in most studies of appetite. Nevertheless, 
the two methods yielded highly divergent results; one 
method showed an effect of intragastric feeding whereas the 
other method did not. Other researchers have found that 
while phenol red can give accurate results in many situa- 
tions, it sometimes gives incorrect results [1,3]. 

It seems appropriate to assume that if gastric emptying of 
glucose or glucose polymer is the subject of interest, direct 
measurement of the glucose is more appropriate than indi- 
rect measurement via a marker. If this assumption is jus- 
tified, then it may be concluded that although intragastric 
feeding may produce some dumping of fluid in the first few 
minutes after feeding, intragastric feeding does not alter the 
subsequent rate of gastric emptying of carbohydrate. Thus, 
the present studies do not totally contradict the idea that the 
regulation of gastric emptying is closely tied to the caloric 
content of the fluid in the stomach [8,10]. However, since 
many studies purportedly showing such a relationship be- 
tween gastric emptying and calories used a marker rather 
than direct measurement of calories, the present studies 
demonstrate the need for better research before such a hy- 
pothesis can be accepted. This is particularly true for studies 
involving animals maintained on a chronic limited feeding 
schedule [10] because this maximizes the discrepancy be- 
tween phenol red and carbohydrate. Such studies are not 
sufficiently accurate to allow one to make inferences about 
the precision of the regulation of stomach emptying. 

Glucose polymer in Experiments 2 and 3 appeared to 
empty at a slower rate (0.05—0.08 ml/min) than did simple 
glucose in Experiment 1 (0.09-0.11 ml/min). This result, if 
confirmed, would challenge the idea that caloric content is 
the most important factor controlling gastric emptying of 
carbohydrate. 

These experiments were originally undertaken as part of a 
larger study of the differences between oral and intragastric 
feeding [13]. Although the results suggest that intragastric 
feeding does not greatly alter the rate of gastric emptying of 
carbohydrate, they do indicate that intragastric feeding af- 
fects some digestive processes that can result in the differ- 
ential recovery of glucose and phenol red. Presently avail- 
able data are insufficient to say just which digestive process 
is involved. 
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RODGERS, R. J. AND J. I. RANDALL. Acute non-opioid analgesia in defeated male mice. PHYSIOL BEHAV 36(5) 
947-950, 1986.—Exposure to repeated attack induces a long-lasting analgesia in male mice. Although this reaction has been 
linked to the special biological significance of defeat, earlier research has confounded defeat and exposure to further attack. 
In the present studies, DBA/2 intruder mice were individually placed into the home cages of aggressive conspecifics and 
removed immediately upon display of the species-characteristic upright submissive posture. Under these test conditions, 
intruders did indeed show a profound analgesia. However, in marked contrast to the antinociceptive effects of repeated 
attack, this reaction was of short duration (<10 min), was not blocked by naloxone (1-10 mg/kg, IP) and did not show 
cross-tolerance either to or from morphine (5 mg/kg, IP). These findings are discussed in relation to multiple endogenous 
pain inhibitory systems and their possible adaptive significance in murine social behaviour. 
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CONSIDERABLE evidence now supports the existence of 
several endogenous pain inhibitory systems and their activa- 
tion by a wide variety of environmental factors [20,23]. For 
example, in mice, naloxone-sensitive analgesias are elicited 
by exposure to chronic footshock [3,11], warm-water swim 
[4,12], heat [6], immobilization [6,13] and ionizing radiation 
[21]. However, naloxone-insensitive analgesias have also 
been reported; thus, the antinociceptive consequences of 
acute footshock [2] and cold-water swim [7,12] are appar- 
ently mediated via non-opioid substrates. 

From a more ecological perspective, a number of labora- 
tories have recently reported that social conflict in mice 
engenders a profound opioid analgesia in recipients of attack 
[10, 14, 19, 22]. For instance, we have observed that social 
conflict analgesia in DBA/2 mice has a duration of 40-60 
minutes, is blocked and reversed by naloxone, is unaffected 
by peripherally-acting doses of methyl naloxone and displays 
full cross-tolerance with morphine [17,18]. Similar findings 
have been reported with respect to B6AF, mice [9,10]. 
Analogous to studies on the antinociceptive effects of foot- 
shock in rats [8], several authors have proposed that psycho- 
logical factors may play a critical role in the development of 
social conflict analgesia. Thus, Miczek ef al. [10] have 
argued that the expression of defeat behaviour is of prime 
importance, whilst Rodgers and Hendrie [14, 15, 16] have 
suggested that lack of control over the behaviour of the at- 
tacker is a major factor. 

Unfortunately, the above studies involved social 
encounters of either fixed duration [14] or fixed attack fre- 
quency [10, 17, 18, 19, 22] and, in each, it is therefore prob- 
able that animals were both defeated and exposed to further 
attack. For example, in recent work with DBA/2 mice 
[17,18], we observed defeat to occur well before a moderate 
attack frequency criterion had been satisfied. In order to 
dissociate the nociceptive consequences of defeat experi- 


ence per se from those of defeat plus further attack, the 
present series of experiments employed defeat as test crite- 
rion. Although more prone to subjective evaluation than at- 
tack frequency, defeat was rigorously defined as the first 
unambiguous display of the species-characteristic upright 
submissive posture [5]. It should be emphasized that the 
term ‘defeat,’ as currently used, refers to a behavioural 
end-point and that, logically, any factor(s) associated with 
the entire test experience (from start of encounter up to and 
including display of defeat behaviour) could have contrib- 
uted to present findings. 


GENERAL METHOD 
Animals 


Six to 8 week old male DBA/2 mice (Bantin and Kingman, 
U.K.) and 15-20 week old male BKW mice (Bradford Uni- 
versity colony) were used. The former (naive intruders) were 
housed in groups of 10/cage (452813 cm) and the latter 
(aggressive residents) in individual cages (33 15x13 cm). 
All animals were maintained in a temperature-controlled 
room (24+1°C), in which a 12 hr reversed light/dark cycle 
was operative. Food and water were freely available. 


Analgesia and Behavioural Testing 


All studies were conducted under dim red light (2x60 W) 
during the dark phase of the LD cycle. Analgesia was as- 
sessed by traditional (radiant heat) tail-flick assay, with tem- 
perature adjusted to give control latencies of about 4-5 sec. 
A cutoff of 10 sec was employed to prevent any possibility of 
tissue damage. All DBA/2 mice (intruders) were given prior 
tail-flick experience to ensure stable test-day baselines. In 
behavioural encounters, DBA/2 intruders were individually 
placed into the home cage of an aggressive BKW resident 
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FIG. 1. Time course of defeat analgesia in male DBA/2 mice. 


and, irrespective of time or number of attacks, were re- 
moved immediately upon display of the first unambiguous 
upright submissive posture. 


Drugs 


Naloxone hydrochloride (Endo Laboratories Inc., NY) 
and morphine sulphate were used. Each compound was dis- 
solved in physiological saline (0.9%) which, alone, served as 
vehicle control. Injections were performed intraperitoneally 
(IP) in a volume of 10 ml/kg and doses are expressed as the 
salts. In all studies, animals were randomly allocated to 
treatment conditions and tested in counterbalanced order. 


Statistical Analysis 


All data were initially subjected to analysis of variance 
(ANOVA; 2 or 3 Factor; repeated measures), following 
which within-groups comparisons were performed using ap- 
propriate error variance terms from the ANOVAs. 


TIME COURSE OF DEFEAT ANALGESIA 


Naive DBA/2 mice were assigned to control (n=12) or 
defeat (n=10) conditions. Tail-flick latencies (TFL) were es- 
tablished prior to testing (baseline), immediately after defeat 
and at 10 minute intervals up to 30 minutes post-defeat. Con- 
trol animals, run in parallel, were simply exposed to repeated 
tail-flick testing. Results are summarized in Fig. 1. ANOVA 
indicated significant main effects for test condition, 
F(1,20)=12.16, p<0.003, time, F(4,80)= 17.17, p<0.001, and 
a significant condition Xx time interaction, F(4,80)=10.70, 
p<0.001. Follow-up comparisons indicated that a substantial 
analgesia was evident in animals tested immediately after 
defeat (p<0.001), but at no other time point measured. 


NALOXONE ANTAGONISM 


Naive DBA/2 mice were allocated to one of four condi- 
tions (n=8): saline, 1.0, 5.0 or 10.0 mg/kg naloxone hydro- 
chloride. Injections were performed immediately after de- 
termination of baseline TFLs; 10 minutes later, all animals 
were exposed to defeat and immediately reassessed on the 
tail-flick assay. Data are shown in Fig. 2. ANOVA failed to 
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FIG. 2. Effects of naloxone hydrochloride (0-10 mg/kg, IP) on defeat 
analgesia in male DBA/2 mice. See text for details. 


reveal a significant main effect for drug, F(3,28)=0.98, NS, 
or a significant drug X time interaction, F(3,28)=0.76, NS. 
However, a very significant main effect for time, 
F(1,28)=82.06, p<0.001, indicated that all groups displayed 
a potent analgesic response to defeat. 


MORPHINE CROSS-TOLERANCE 


This study was conducted in two parts. In Phase 1, naive 
DBA/2 mice were assigned to saline (n=7) or 5 mg/kg mor- 
phine sulphate (n=6) groups. The former received 7 daily 
injections of saline whilst the latter received morphine on an 
identical schedule. On Day 8, the reaction of both groups to 
defeat challenge was examined. Data are summarized in Fig. 
3. ANOVA indicated no significant main effect for drug his- 
tory, F(1,11)=0.83, NS, nor a significant drug history < time 
interaction, F(1,11)=1.01, NS. Time, however, was signifi- 
cant, F(1,11)=31.26, p<0.001, indicating that both groups 
displayed analgesia in response to defeat challenge 
(saline—p<0.001; morphine—p<0.01). 

In Phase 2, naive DBA/2 mice were allocated to one of 
two main conditions (n=10): control or chronic defeat. 
Animals in the chronic defeat group received 7 daily expo- 
sures to defeat whilst control animals were simply trans- 
ported to the laboratory. On Day 8, each group was further 
subdivided (n=5); saline or 5 mg/kg morphine sulphate. In- 
jections were performed immediately after determination of 
baseline TFLs and animals were reassessed 30 minutes later. 
Data are shown in Fig. 4. ANOVA (3 factor; status, drug, 
time) revealed significant main effects for drug, 
F(1,16)=9.46, p<0.005, and time, F(1,16)=52.16, p<0.001, 
plus a significant drug x time interaction, F(1,16)=53.09, 
p<0.001. No other factors or interactions were significant, 
indicating that a history of chronic defeat had no influence 
upon analgesic response to morphine challenge. This con- 
clusion was confirmed by follow-up comparisons which 
demonstrated that both control and chronic defeat groups 
evidenced profound analgesia to morphine (p<0.001). 


DISCUSSION 


Opioid analgesias have been reported in mice following 
exposure to chronic footshock [3], warm-water swim [4,12], 
heat [6], immobilization [6,13] and ionizing radiation [21]. 
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FIG. 3. Effect of chronic morphine history on analgesic response to 
defeat in male DBA/2 mice. Animals were either given 7 daily injec- 
tions of saline or morphine (5 mg/kg, IP) and, 24 hours after the last 
injection, were challenged with defeat. See text for full details. 


Potential ecological significance of such findings has been 
suggested by studies indicating that intruder mice of many 
strains exhibit profound analgesia when exposed to repeated 
attacks from aggressive conspecific residents [9, 14, 19, 22]. 
Central opioid mediation of this social conflict analgesia is 
implied by reports showing that it is blocked and reversed by 
opiate antagonists [10, 14, 18, 22], is unaffected by 
peripherally-acting antagonists [10,18] and displays full 
cross-tolerance with morphine [10,18]. 

Although the physical correlates of attack undoubtedly 
contribute to social conflict analgesia [10,14], it has been 
argued that psychological consequences may be more impor- 
tant. Thus, although occasionally bitten, attacking animals 
either show no alteration in nociception [10] or a modest 
hyperalgesia [14]. Furthermore, in unresolved encounters 
between pairs of aggressive isolates, hyperalgesia is consis- 
tently observed despite the highly vigorous nature of the 
interactions (Rodgers and Randall, unpublished findings). In 
view of these findings, we have suggested that lack of control 
over the source of aversive stimulation (rather than aversive 
stimulation per se) may be a major determinant of social 
conflict analgesia [14, 15, 16], whilst Miczek et al. [10] have 
argued that the special biological significance of defeat 
experience is crucial to the occurrence of opioid analgesia. 
Although the recent finding that CFI mice display 
naloxone-sensitive analgesia irrespective of the occurrence 
of defeat [22] would seem inconsistent with the latter hy- 
pothesis, it should be noted that a// mice in this study were 
exposed to extended (35 bites) attack. The present investi- 
gation was designed to further separate these two factors 
(i.e., defeat experience and uncontrollability) as they had 
been confounded by the methodologies employed in previ- 
ous experiments. Irrespective of temporal parameters and 
the number of attacks that had occurred, all present 
encounters were terminated when intruders unambiguously 
displayed the species-characteristic upright submissive 
posture [5]. This posture typically occurs after mice have 
shown ineffective defense/escape behaviour in response to 
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FIG. 4. Effect of chronic defeat history on analgesic reaction to 
morphine in male DBA/2 mice. Animals were either given 7 daily 
defeat experiences or simply transported to the laboratory (con- 
trols). Twenty-four hours after last defeat, mice in both groups were 
challenged with saline or 5 mg/kg morphine sulphate. See text for 
full explanation. 


attack and has been referred to as ‘defeat’ by several work- 
ers [10, 19, 22]. Under present conditions, DBA/2 intruders 
very readily displayed defeat, i.e., in response to an average 
of 6 attack bites and within about 30 seconds of initial attack. 
In marked contrast to the enduring analgesia observed upon 
exposure to prolonged attack [10,17], defeated intruders 
displayed an analgesic reaction of short duration. From Fig. 
1, it can be seen that although significant analgesia was ap- 
parent immediately after behavioural testing, nociceptive 
latencies of intruders had returned to control values within 
ten minutes. Furthermore, this acute analgesic reaction was 
not blocked by 1-10 mg/kg naloxone nor did it exhibit cross- 
tolerance either to or from morphine (Figs. 2-4). Again these 
data stand in marked contrast to previous findings which 
have consistently implicated opioid substrates in the analge- 
sic response to repeated attack [9, 10, 14, 18, 22]. It would 
therefore appear that, in earlier studies, methodological fac- 
tors (long duration encounters, high frequency attack) pre- 
cluded detection of acute non-opioid analgesia. 

Although most reports on environmentally-induced 
analgesia in mice [3, 4, 6, 11, 12, 13, 21] have suggested the 
involvement of opioid mechanisms, both acute footshock [2] 
and cold-water swim [7,12] have been found to generate 
antinociceptive reactions which are naloxone-insensitive. 
Together with present data, and consistent with extensive 
research in rats [20,23], these reports would indicate the 
existence of both opioid and non-opioid pain inhibitory sys- 
tems in mice. Furthermore, the activation of these systems 
would appear to be critically dependent upon the prevailing 
stimulus context. Thus, defeat experience per se induces a 
short-lasting non-opioid analgesia (present data) whilst ex- 
posure to extended attacks activates a much longer-lasting 
opioid analgesia (9, 10, 17, 18]. In this context, it may be 
pertinent to note that the two situations previously found to 
induce naloxone-insensitive analgesia in mice (i.e., brief 
footshock and cold-water swim; [2, 7, 12]) both involved 
acute, as opposed to chronic, stimulation. As such, although 
‘defeat’ was employed as test criterion in the present study, 
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it is possible that factors other than display of defeat are 
sufficient stimulus for the activation of non-opioid analgesia 
mechanisms. Although detailed behavioural studies are re- 
quired to clarify the specific stimulus(i) involved, prelimi- 
nary studies indicate that equivalent brief exposure to 
novelty per se does not result in an antinociceptive reaction 
in DBA/2 mice. Furthermore, it is known that exposure to a 
resident's home cage, but with the resident restrained behind 
a wire barrier, fails to activate analgesic substrates ([(9]; per- 
sonal observation). 

Our current working hypothesis is that non-opioid 
analgesia is an immediate adaptive reaction to potential, or 
actual environmental threat. Should the organism, for what- 
ever reason, fail to actively cope with the situation then an 
enduring opioid analgesia results. Thus, upon entering the 
territory of another male, an intruding mouse is exposed to 
sensory stimuli (e.g., scent marks; potential threat) and/or 
the attentions of the resident (actual threat). On the basis of 
this feedback, the intruder may initially adopt a defensive or 
escape strategy which is associated with an acute non-opioid 
analgesia. If defense is ineffective in terminating attack, 
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and/or if escape is impossible, endogenous opioid mech- 
anisms are activated. Released opioids promote a long- 
lasting analgesia and may in fact reduce the likelihood of 
attack through the facilitation of immobility [1,14]. If this 
passive ‘strategy’ is also ineffective, and the animal is re- 
peatedly exposed to attack over a long period, possible 
maladaptive consequences of chronic opioid activation may 
become salient [16]. 

Admittedly, the above sequence of events is highly 
speculative and draws upon some data that is not directly 
derived from research on social conflict. However, the 
model may prove to have heuristic value and, to this end, 
derived hypotheses are currently under test in this labora- 
tory. 
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SEWITCH, D. E., E. M. W. KITTRELL, D. J. KUPFER AND C. F. REYNOLDS, III. Body temperature and sleep 
architecture in response to a mild cold stress in women. PHYSIOL BEHAV 36(5) 951-957, 1986.—Six women participated 
in a seven consecutive night polygraphic sleep study during which both 24-hour rectal, body temperature and wrist activity 
were continuously sampled and stored at one-minute intervals. The study was designed to investigate the effects of a mild 
nocturnal cold stress on thermoregulation and sleep. On nights 4 and 5, subjects slept naked, without any bedcovers (mild 
cold stress) in a warm (26.7-28.3°C) room. The daily mean rectal temperature and the daily nadir (low point) of the 
circadian temperature rhythm (CTR) showed a significant decrease between the baseline and cold stress conditions. The 
lowered nadir resulted in a significant amplitude increase in the daily CTR between the baseline and cold stress conditions. 
There were no significant changes in activity levels across experimental conditions. The ability to maintain a sleep state 
was significantly impaired during the cold stress. Stage 4 slow wave sleep increased, while Stage 3 decreased in response to 
the cold stress condition, and there was an associated lengthening of the first NREM period. These data suggest that 
challenges to the thermoregulatory system can be used as a vehicle to systematically alter sleep architecture in humans. 
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IT has been known since the late 60s and early 70s that active 
thermoregulation is absent during paradoxical (REM) sleep 
in cats [12, 13, 14, 15, 17], is inhibited during paradoxical 
sleep in rabbits [2] and in the kangaroo rat [4], and that active 
thermoregulation during REM sleep is depressed in humans 
{11,20]. Parmeggiani and his co-workers have published a 
number of reports on the changes in sleep stage architecture 
associated with deviations above (>25°C) and below (< 10°C) 
the thermal neutral range of the cat [12, 13, 14, 15, 16]. These 
researchers have been particularly interested in the effect of 
cold stresses on sleep, since cold is apparently well tolerated 
by the cat. They have been successful in specifying sleep 
stage architecture changes as a function of low ambient tem- 
peratures which varied from 10°C to —15°C. The principal 
sleep stage architectural changes observed by these re- 
searchers [12] involve slow wave or NREM Stages 3 and 4 
' sleep and paradoxical or REM sleep. Spindle sleep (NREM 
Stage 2) is only affected below —5°C. Both of the published 
thermoregulation studies involving human subjects have 
examined sweating responses across NREM (Stages 1-4) 
and REM (Stage 5) sleep under several levels of a heat 
stress. 
The present study was undertaken to assess the effects on 





sleep architecture and thermoregulation of a mild, but acute, 
cold stress administered across the sleep period in humans. 


METHOD 
Subjects 


Six normal female human subjects between the ages of 20 
and 35 (mean age=25.8, S.D.=6.7) with stable sleep-wake 
schedules and regular menstrual periods participated in a 
seven night laboratory protocol. Paid volunteers were so- 
licited through bulletin board announcements around the 
University campus. Before enrollment in the study, all sub- 
jects gave informed consent. None of the subjects were on 
any pharmacological birth control regimens, and all were 
scheduled for their seven laboratory sleep nights between 
days 2 and 13 of their menstrual cycles. These subjects were 
all alcohol-free for at least seven days prior to the laboratory 
protocol, and their caffeine intake was restricted to the 
morning and early afternoon during the same period. No 
subject (or any first-degree relative) had any past or present 
psychiatric history or sleep-wake complaints. All six of these 
subjects were queried as to whether they were accustomed 
to sleeping nude. Two subjects expressed that they habitu- 
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ally slept nude with covers, however, during the summer 
months. The other four subjects all expressed prior occa- 
sions when they had in fact slept unclothed and were not at 
all apprehensive about this part of the protocol. 


Apparatus 


The Vitalog PMS-8 unit (Vitalog Corporation) was used to 
continuously record rectal temperature and wrist activity 
(non-dominant wrist) in one-minute samples for an average 
of 10.5 days. The PMS-8 unit is a completely portable 12 bit 
microprocessor containing an 8-channel Analog to Digital 
converter designed for continuous monitoring of up to eight 
physiological parameters. The entire unit only weighs 12 oz, 
is battery powered, and is typically worn on a belt around the 
subject’s waist. The PMS-8 unit is designed to interface with 
an Apple II microcomputer (plus or e) for subsequent data 
retrieval and display. 

Activity ievel was recorded simultaneously with rectal 
temperature by a wrist-worn (non-dominant hand), plastic 
sensor (1.0 9.75") comprised of a 3-dimensional array of six 
mercury tilt switches. The mercury switches are sensitive to 
a 30° (+ 10°) change in wrist position. The 3-dimensional de- 
sign of the switches allows for the detection of a 30° move- 
ment in the up, down, right, left, forward, and backward 
directions. Each detected switch closure was counted, 
encoded, and stored as one of eight activity levels represent- 
ing 0 to >126 counts per minute. The counter is zeroed after 
each 60-second sample is stored. 

Rectal temperature was continuously sampled in degrees 
centigrade at one-minute intervals with a Yellow Springs 
Series 400 thermistor probe having a 0.1°C accuracy over the 
temperature range of 29-43°C. The Yellow Springs 402 
thermistor probe is soft, flexible and very thin with a diame- 
ter of 3/32 of an inch along the 13-inch shaft of the probe. An 
additional two feet of slightly thicker cable has been added 
between the probe shaft and the connector plug to allow the 
subject a maximum of mobility freedom with the probe in- 
serted. The probe insertion length was fixed at five inches 
and marked off for each subject by surgical tape. In addition, 
subjects were instructed to place several pieces of tape 
across the probe shaft slightly above the outside of the 
rectum to act as a stable anchor against undue pulling on the 
probe cable. Subjects reported a very rapid adaptation to the 
probe itself (several hours), to the point where they forgot it 
was there, i.e., they could no longer actually ‘‘feel’’ the 
probe. As far as the entire PMS-8 unit itself is concerned, 
subjects reported that it took about two days to incorporate 
wearing the unit as part of their daily routine. Subjects re- 
moved the rectal probe, wrist activity monitor and PMS-8 
unit only briefly for baths or showers, defecation, and sexual 
intercourse. At all other times, they wore the complete unit 
as part of their normal daily routine. All meals, bedtimes, 
waketimes, and probe removals were logged daily on a set of 
3x5” index cards that were dated, stapled together and given 
to each subject individually with instructions at the start of 
the 10.5 day period. 

Polygraphic sleep was recorded in the laboratory on a 
24-channel, 78B Grass Instruments polygraph. The sleep 
state was recorded by an electroencephalogram (EEG), an 
electro-oculogram (EOG), and a submental chin elec- 
tromyogram (EMG). The EEG consisted of a C, scalp 
placement referenced to linked mastoids. The EOG con- 
sisted of electrode placements at the outer canthi of the eyes 
with each eye derivation also referenced to linked mastoids. 
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Filter settings for both the EEG and EOGs were 0.3 Hz-30 
Hz. The submental chin EMG was bipolar with filter settings 
of 10-90 Hz. The paper speed for all recordings was 10 
mm/sec and a 50 microvolt signal was calibrated to produce a 
10 mm pen deflection at a sensitivity setting of 5. 


Procedure 


Each subject kept a two-week sleep-wake diary to de- 
termine that each had a stable and well-entrained sleep 
period. On day 11 of the sleep-wake diary, subjects began 
wearing the Vitalog PMS-8 unit for the next 10.5 days. Sub- 
jects continued their normal day-to-day routine. Seven con- 
secutive laboratory nights immediately followed the sleep- 
wake diary. Subjects were maintained on a constant sleep 
period schedule during the seven laboratory nights across all 
three experimental conditions. The sleep period schedule 
was derived from each subject’s two-week sleep-wake diary. 

Night | was an adaptation night and the polygraphically 
recorded sleep from this night was not included in subse- 
quent analyses. Nights 2 and 3 were baseline sleep nights and 
the subject slept in complete privacy undisturbed. On all 
three of the baseline nights, the ambient room temperature 
was maintained at a constant 20-22°C (68-71.6°F). On nights 
4 and 5, subjects slept unclothed without any bedcovers 
(mild cold stress) in a warm but constant (26.7—28.3°C) am- 
bient room temperature. Subjects were permitted to adjust 
the thermostat up to 28.3°C (83°F) prior to sleep onset but 
were not permitted to readjust the thermostat after sleep 
onset. Ambient room temperature was continuously moni- 
tored throughout the night at hourly intervals to ensure con- 
stancy. Ambient room temperature remained constant to 
+0.6°C (1°F) of where the subject had set it at the beginning 
of the night. The read-out display for the Monotherm unit 
monitoring ambient room temperature remained outside the 
subject’s bedroom. Subjects were polygraphically monitored 
from a control room. Nights 6 and 7 were both recovery 
nights, during which the subject again slept undisturbed with 
bedclothes and covers at a constant ambient room tempera- 
ture of 20-22°C (68-71.6°F). 

Wrist activity and body temperature were concomitantly 
monitored and recorded at one-minute intervals (24 hr/day) 
throughout the entire experimental period and the three day, 
pre-adaptation period for a total of 10.5 days. Subjects came 
into the laboratory at roughly 3'/2 day intervals to meet with 
the first author who read the temperature and activity data 
into a microcomputer (Apple II plus). Data were perma- 
nently stored for later data analysis. This afforded an oppor- 
tunity for a periodical check of both the unit and the data 
being collected. The entire procedure took less than forty 
minutes to complete, and the meetings were coordinated 
with subject arrival in the laboratory for sleep studies. 


Polygraphic Sleep Data 


All sleep was scored in 60-second epochs according to the 
standard criteria for sleep stage scoring [19]. Sleep latency 
was defined as the period of time from Lights-Out to the first 
minute of ten consecutive minutes of Stage 2 sleep. A REM 
sleep period was defined by not less than three consecutive 
minutes of REM sleep, and there was not less than twenty 
minutes of NREM sleep (Stages 1-4) subtending any two 
REM periods. Sleep architecture was defined in terms of the 
percentage of sleep time (minus any intermittent wake time) 
spent in NREM (Stages 1-4) and REM (Stage 5). The ability 
to maintain a sleep state was defined by the variables of sleep 
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THERMOREGULATION - THERMAL CHALLENGE 
Female Normal Control ¢ 36102 


36102 F 20 yrs. 


Home Baseline 





Activity 


0:00 


0:00 0:00 


Days 1-11 


Female Normal Control ¢ 36103 


36103 F 35 yrs. 


Lab 


Temperature C” 


Cold Stress Recovery 





0:00 


Days 1-11 


FIG. 1. CTR and activity level data for two subjects across the three experimental conditions. 


efficiency and sleep maintenance. Sleep efficiency is the 
percentage of total time spent asleep (TSA) to total recording 
time (TRP). Sleep maintenance is a correction in sleep effi- 
ciency for sleep latency, i.e., TSA/(TRP-sleep latency). 


Activity Level Data 


All activity counts were encoded and stored in the PMS-8 
unit as one of eight separate activity levels. The activity 
levels and their corresponding counts per minute were as 
follows: 0=0 counts, 1=2 counts, 2=6 counts, 3= 14 counts, 
4=30 counts, 5=62 counts, 6=126 counts, and 7=>126 
counts. 

Activity levels were analyzed across all three experi- 
mental conditions, baseline, cold stress, and recovery. The 
following activity level parameters were isolated for further 
comparison: the daily mean activity level; the mean activity 
level during the waking (0801-2300 hours) period; mean ac- 
tivity level during the sleep (2301-0800) period; mean activ- 
ity level associated with temperatures above 37°C (and 
below 37°C); mean activity level associated with tempera- 
tures above 37°C (and below 37°C) during the waking period; 
mean activity level associated with temperatures above 37°C 
(and below 37°C) during the sleep period; the activity level 
associated with the circadian (core-body) temperature 


rhythm (CTR) peak and the activity level associated with the 
CTR trough or nadir. 


Rectal Temperature Data 


Body temperature (T,.) parameters were analyzed across 
experimental conditions. The daily mean T,. was calculated 
from all of the raw data. The CTR peak trough, and ampli- 
tude were all calculated from the hourly mean data. Thus, 
the circadian temperature rhythm was generated from the 
hourly mean data. Since 37°C may be considered the middle 
of a very narrow thermal range for a human, + 1°C, 37°C was 
chosen a priori as a baseline, mean daily level above and 
below which changes, as a function of the nocturnal cold 
stress, could be assessed. The actual T,, daily mean calcu- 
lated for the baseline condition turned out to be very close to 
37°C (37.1°C, $.D.=0.1°C). The CTR data were also broken 
down into the following parameters for further analysis 
across the baseline, cold stress and recovery conditions: the 
percentage of temperatures above 37°C (and below 37°C); 
the percentage of the light (0801-2000 hours) period that was 
associated with T,. above 37°C (and below 37°C); the per- 
centage of the dark (2001-0800 hours) period associated with 
Tye above 37°C (and below 37°C); the percentage of tempera- 
ture data above 37°C (and below 37°C) that occurred during 





TABLE | 


RECTAL BODY TEMPERATURE PARAMETERS ON FIVE FEMALE 
SUBJECTS ACROSS THREE TREATMENT CONDITIONS 





Temperature 


Parameter (°C) Baseline Cold Stress Recovery 





Daily Mean 
Mean Trough 
Mean Peak 


37.1 (0.1) 
36.4 (0.4) 
37.7 (0.1) 


36.9 (0.2) 
36.1 (0.2) 
37.6 (0.1) 


37.0 (0.1) 
36.2 (0.4) 
37.5 (0.1) 





The data presented represent the grand means of the means by 
treatment condition across all 10.5 days of recording. Standard de- 
viations appear in the parentheses. 

*Significance is between the cold stress and baseline conditions. 


the light period, and finally, the percentage of temperature 
data above 37°C (and below 37°C) that occurred during the 
dark period. 


RESULTS 


Figure 1 shows a complete CTR and activity-rest cycle 
database for two of the female subjects with all experimental 
conditions labeled to demonstrate the typical patterns ob- 
served. The two subjects chosen for this illustration repre- 
sent the boundaries of the age range studied in this protocol, 
20 and 35 years, respectively. There are several features of 
these patterns that are worth further description. A horizon- 
tal line has been drawn at 37°C across all 10-11 complete 
CTRs to emphasize the areas above and below 37°C across 
each experimental condition and across the pre-adaptation 
home and laboratory environments. The first two CTRs 
(48-hours) from each subject display a severely damped am- 
plitude in comparison to the rest of the CTRs. This would 
indicate a necessary pre-adaptation period of at least 48- 
hours to the PMS-8 unit itself and the rectal probe. The 
20-year old subject also admitted to some napping during the 
first and second days of wearing the PMS-8 unit contrary to 
explicit instructions not to nap. Notice the damping ‘‘mask- 
ing,’ in the middle of the day halves of her first two CTRs, 
most probably due to daytime sleeping. 

The first night spent in the laboratory, baseline condition, 
for both of these subjects is marked by a distinctive increase 
in the area under 37°C, or the percentage of temperatures 
below 37°C, compared to prior nights in the home environ- 
ment. The first night in the laboratory appears to ‘‘anchor”’ 
the amplitude of the entire CTR for the remaining two 24- 
hour periods of the baseline condition. With the cold stress 
condition, the entire CTR shifts downward in both of these 
subjects. Not only is the T,, nadir significantly lowered dur- 
ing the cold stress but also, the typical rise in T,. following 
the nadir is delayed until the subject actually wakes up the 
following morning. With the recovery condition, the entire 
CTR shifts upward back to the baseline state with an ampli- 
tude identical to the baseline condition. 


Verification of the Cold Stress Condition by Temperature 
Parameter Changes 


Complete temperature and activity data from five of the 
six subjects were available for group statistical analyses. The 
temperature and activity data from one subject were lost for 
the cold stress and recovery conditions due to equipment 
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TABLE 2 
SLEEP PARAMETER MEANS ON NIGHTS 4 AND 5 (COLD STRESS) 





Sleep Variables 
Continuity 


Cold Stress 
(Night 4) 


Cold Stress 
(Night 5) 





Sleep 

Efficiency (%) 
Sleep 

Maintenance (%) 
Awake Time (min) 36.7* 
Sleep Latency 17.3 

(min) 


88.5* 93.4 


91.9° 96.7 





*p=0.05. 


failure. A one-way, repeated measures ANOVA on the tem- 
perature data of the remaining five subjects showed a signifi- 
cant reduction in the daily mean rectal temperature, and the 
daily temperature trough (hourly mean data), as well as an 
increase in the daily amplitude (hourly mean data), of the 
circadian rhythm of rectal temperature between the baseline 
and cold stress conditions (Table 1). The alpha rejection 
level for these significance tests was set at 10% (two-tailed) 
instead of 5% due to the minimal power of the ANOVA and 
the increased probability of making a Type II error with only 
five subjects [24]. 

The recovery daily mean T,. was not significantly lower 
than the baseline daily mean T,., #(4)=1.4, N.S., and the 
recovery mean trough was not significantly lower than the 
baseline mean trough, 1(4)=1.9, N.S. The mean CTR trough 
was significantly lower than the daily mean T,. during the 
baseline condition, 1(4)=6.4, p<0.01, during the cold stress 
condition, #(4)=12.7, p<0.001, and during the recovery 
condition, 1(4)=6.7, p<0.01. 

Since the baseline condition for subjects involved both a 
period of at least 72-hours totally in the home or field en- 
vironment and 72-hours involving both field and laboratory 
(sleep studies) environments, a descriptive statistical 
assessment was made of all temperature parameters across 
each environment to look at the effect of coming into the 
laboratory on the basic CTR. There was a slight decrease in 
the daily mean rectal temperature from 37.1°C to 36.9°C 
when the subject came into the laboratory and a slight in- 
crease in the mean amplitude from 2.0 to 2.1, calculated from 
all of the raw data (1440 samples/24-hour period). There also 
was a general overall increase in intersubject variability 
(larger standard deviations) associated with temperature pa- 
rameters when the subject came into the laboratory. 

Activity levels associated with temperature parameters 
were statistically analysed by experimental condition on five 
subjects. There were no significant activity level changes as 
a function of experimental condition, suggesting that 
changes in activity level cannot explain the significant tem- 
perature parameter changes (Table 1). The daily mean activ- 
ity level was 2 (6 counts/min) with a 4:1 ratio in activity level 
between the waking and sleep periods. 


Polygraphic Sleep Data 


Sleep records were scored blind to experimental condi- 
tion. After all sleep records were scored, it was noticed that 
despite the second cold stress night, certain sleep variables 
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TABLE 3 


RECORDED POLYSOMNOGRAPHIC SLEEP VARIABLES ON SIX 
FEMALE SLEEPERS ACROSS THREE TREATMENT CONDITIONS 





Sleep 
Variables 


Continuity Baselinet Cold Stress* Recoveryt 





Sleep Effic. 
(%) 

Sleep Main. 
(%) 

Awake Time 
(min) 

Sleep Lat. 
(min) 


93.9 (1.9) 88.5 ( 3.9) 94.7 ( 3.0) 


96.7 (1.9) 91.9 ( 3.8) 98.1 ( 2.6) 


14.9 (8.2) 36.7 (18.2) 8.7 (12.3) 


13.2 (9.2) 17.3 ( 5.8) 15.7 (10.2) 





The data presented represent the grand means. Standard devia- 
tions appear in the parentheses. 

*Cold stress values are from night 4 only. 

*+Mean of two nights of recording. 


that looked significantly different from baseline on the first 
cold stress night were already showing a recovery back to 
baseline values on the second cold stress night independent 
of a continued lowering of rectal body temperature. Table 2 
shows a significant recovery (Wilcoxon Signed-Ranks test) 
in those sleep variables which are typically used to describe 
the continuity of the polygraphic sleep state between the first 
and second cold stress nights (nights 4 and 5) of the protocol. 
It should be noted that a t-test for related measures was 
carried out between the mean T,, trough on the first and the 
mean T,, trough on the second cold stress nights. The results 
revealed no significant difference in the T,, trough. 

Table 3 shows the significant effect by experimental con- 
dition on sleep continuity variables according to one-way, 
repeated measures ANOVAs. Sleep Efficiency and Sleep 
Maintenance showed a significant deterioration from the 
baseline to the cold stress conditions with a complete return 
to above baseline levels during the recovery condition. Con- 
sistent with this deterioration in the maintenance of the 
sleep state, there was a significant increase in minutes of 
Awake time (Table 3) during the cold stress condition, fol- 
lowed by a decrease to below baseline levels during the re- 
covery condition. The a posteriori Least Significant Differ- 
ence test was used to make pairwise comparisons of Awake 
time by experimental condition. The Awake time under the 
cold stress condition was significantly different from the 
Awake time recorded under the baseline condition, and it 
was also significantly different from the Awake time re- 
corded under the recovery condition. However, the Awake 
time recorded under the recovery condition was not signifi- 
cantly different from the Awake time recorded under base- 
line. 

Since a number of sleep variables that are typically char- 
acterized as sleep stage architecture variables showed a sig- 
nificant intersubject variability using standard parametric 
statistical analyses, a more appropriate non-parametric 
analysis, the Wilcoxon Signed-Ranks test for related sam- 
ples, was carried out between conditions (Table 4). The per- 


TABLE 4 


SLEEP PARAMETERS THAT SHOWED SIGNIFICANT 
INTERSUBJECT VARIABILITY ANALYZED ACROSS THE THREE 
TREATMENT CONDITIONS 





Sleep 
Variables 
Sleep 

Stage 
Architecture 


Baseline 
(Night 3) 


Cold Stress 
(Night 4) 


Recovery 
(Night 6) 





Stage 3% 
Stage 3 Min 
Stage 4% 
Stage 4 Min 
REM % 
Shifts out 

of Delta 
(3 and 4) 


10.8 ( 2.9) 
48.2 (14.2) 
10.9 ( 6.2) 
47.7 (26.0) 
22.0 ( 7.0) 
10.8 ( 5.3) 


8.9 ( 3.2)* 
36.7 (12.7)* 
15.0 ( 4.5)* 
62.8 (21.8)# 
21.9 ( 4.8) 
9.3 ( 5.0) 


9.2 ( 3.4) 
38.7 (19.0) 
13.5 ( 4.0) 
59.7 (21.3) 
20.6 ( 5.4) 
10.3 ( 5.0) 





The data presented are the means. Standard deviations appear in 
the parentheses. N=6. 

*Baseline vs. Cold Stress; p=0.05. 

*Cold Stress vs. Recovery; p=0.05. 


centages as well as the minutes of Stages 3 and 4 showed a 
significant change by experimental condition. 

The percentage of Stage 3 significantly decreased be- 
tween the baseline and cold stress conditions, while the per- 
centage of Stage 4 significantly decreased between the cold 
stress and recovery conditions. Paradoxically, with the de- 
crease in the percentage of Stage 3 from the baseline to the 
cold stress conditions, there was an increase in the percent- 
age of sleep time spent in Stage 4 (although just below statis- 
tical significance) between baseline (10.9%) and cold stress 
(15.0%) conditions. Consistent with this increase in the per- 
centage of sleep time spent in Stage 4 between the baseline 
and cold stress conditions, there was a lengthening (although 
again not statistically significant) of the first NREM-REM 
sleep cycle due to an increase in the latency to REM sleep 
(first NREM period) from 86.9 minutes during the baseline 
condition to 105.8 minutes during the cold stress condition. 


Post-Sleep Morning Reports Across Conditions 


All six subjects completed post-sleep questionnaires 
throughout the seven night laboratory protocol. The morning 
questionnaire was originally designed as a clinical instrument 
for sleep-wake disorder patients to assess the reported qual- 
ity and quantity of the previous night's sleep in a laboratory 
environment. The six normal sleepers in the present study 
reported their sleep to be the same as in their homes under 
both the baseline (after the first adaptation night) and the 
recovery conditions. They also felt that they had slept very 
soundly and comfortably under both the baseline and re- 
covery conditions. In addition, they felt that their sleep was 
**not restless at all’’ under both the baseline and recovery 
conditions. Following each of the cold stress nights, without 
exception, all subjects reported the exact opposite on these 
quality of sleep parameters and specifically listed feeling 
‘*cold’’ as the reason for their discomfort and poor quality 
sleep. Table 5 presents the results of a Wilcoxon Signed- 
Ranks test that was carried out on three of the quantitative 





TABLE 5 


POST-SLEEP MORNING QUESTIONNAIRE REPORTS BY SUBJECTS 
ACROSS THE THREE TREATMENT CONDITIONS 





Reported 
Sleep 
Variables 


Cold Stress 
(Night 4) 


Baseline 
(Night 3) 


Recovery 
(Night 6) 





Sleep Latency 
(min) 

Total Sleep 
Time (hr) 
Hours longer 

could 
have slept 


10.0 (6.3) 15.3 (7.0)* 19.2 (9.7) 


7.4 (0.6) 7.0 (0.7) 7.5 (0.6) 


0.5 (0.8) 1.5 (1.2)* 1.5 (0.4) 





The data presented are the means. Standard deviations appear in 
the parentheses. N=6. 

*Baseline vs. Cold Stress; p=0.05. 

*+Cold Stress vs. Recovery; p=0.05. 

¢Both Wilcoxon Signed-Ranks Tests were significant at the 
p=0.05 level. 


report items covered in the post-sleep questionnaire by 
treatment condition. Subjective sleep latency was estimated 
by subjects to be longer under the cold stress than under 
baseline and even longer under recovery than either under 
the cold stress or baseline conditions. Total sleep time, how- 
ever, was judged by subjects to be significantly shorter dur- 
ing the cold stress than during either the baseline or recovery 
conditions. Subjects reported that they could have slept for a 
significantly longer period following the nights of the cold 
stress as compared to the mornings following the baseline 
condition. 


DISCUSSION 


The question of interest in the present study was how a 
human would cope with a cold challenge to the thermoregu- 
latory system when the system’s ability to compensate for 
the challenge is diminished at roughly 90-minute intervals 
(with REM sleep periods) throughout the sleep state. Would 
the subject prematurely abort REM periods by waking up in 
order to actively thermoregulate against the cold stress (simi- 
lar to the sleep apneic patient who literally awakens in order 
to breath)? Alternatively, would the normal 90-minute cy- 
cling of REM sleep change, i.e., would the subject delay 
REM sleep? Finally, would there be changes in the percent- 
ages of sleep time spent in the two stages of human slow 
wave sleep (Stages 3, 4) in response to a mild, nocturnal cold 
stress, similar to the findings of Parmeggiani and his co- 
workers in cats? Also in this context, one might expect that 
the ability to maintain a sleep state would show a significant 
deterioration during even a mild cold stress. 

The results of this study can be summarized by the follow- 
ing findings. The significant lowering of rectal body tempera- 
ture during a mild nocturnal cold stress is independent of any 
change in activity level. The resulting changes in sleep fall 
into two categories: the ability to maintain a sleep state, i.e., 
sleep continuity, and sleep stage architecture, i.e., slow 
wave or delta sleep. The significant deterioration in the sub- 
ject’s ability to maintain the sleep state on the first night of 
the cold stress is also independent of any change in the sub- 
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ject’s activity level during sleep, because activity remained 
constant across all three experimental conditions. 

The significant recovery in sleep continuity between the 
first and second nights of the cold stress, despite the contin- 
ued significant lowering of the body temperature trough on 
the second night of the cold stress, attests to the plasticity of 
the sleep system in its ability to rapidly adapt to a mild cold 
stress. Sleep continuity significantly improved on the second 
night of the cold challenge despite a compromise in ther- 
moregulation during sleep (the T,, trough was not only below 
that of baseline, but also continued to show a protracted 
delay in recovery). This protracted delay in the rise of T,. 
would be consistent with what would be expected from the 
standpoint of a diminished capacity to actively thermoregu- 
late against a cold stress during sleep, and particularly REM 
sleep which is concentrated in the final third of the sleep 
period [22,23]. 

Subjects reported a very rapid subjective adaptation to 
the rectal thermistor probe (several hours post-insertion). 
However, from a strictly physiological standpoint, the CTRs 
from the first two days of monitoring show a dampened am- 
plitude in comparison to the remaining CTRs, suggesting a 
necessary pre-adaptation period of at least 48-hours to con- 
tinuous, ambulatory rectal temperature monitoring per se. 
Our findings suggest that experimental protocols which in- 
clude 24-hour ambulatory monitoring of rectal temperature 
in humans should incorporate a baseline period of monitor- 
ing long enough to permit a 48-72 hour period of adaptation 
to the apparatus before the actual data collection. 

The second major sleep change associated with the cold 
challenge involved highly selective changes in the amounts 
of Stages 3 and 4 (delta or slow wave) sleep and a consequent 
lengthening, although not statistically significant, of the first 
NREM-REM sleep cycle (increased latency to the first REM 
period). The percentage of Stage 4 as well as the minutes of 
Stage 4 increased while the percentage of Stage 3 sleep as 
well as the minutes of Stage 3 decreased in response to the 
lowering of the CTR during the cold stress. Much of the 
increase in Stage 4 sleep was concentrated in the first 105.8 
minutes of sleep following sleep onset or the period of 
NREM sleep prior to the first REM period. The functional 
significance of this observed increase in Stage 4, slow wave 
sleep is at present unknown. Walker and Berger [21] have 
suggested that NREM sleep and particularly slow wave sleep 
may serve an ‘‘energy-conservation’’ function. These re- 
searchers further suggest that slow wave sleep is tightly 
coupled to thermoregulation from both an ontogenetic as 
well as phylogenetic standpoint, i.e., “‘SWS [slow wave 
sleep] is uniquely associated with endothermy”’ ({21] p. 260). 

The cold stress chosen for the present study consisted of 
sleeping without any bedclothes or bedcovers in an other- 
wise warm ambient (26.7—28.3°C) room temperature. This 
particular type of cold stress has been used successfully in a 
control study to illustrate that a human subject will still show 
a Steep rise in peripheral skin temperature concurrent with a 
steep fall in rectal core-body temperature at sleep onset [3]. 

There are two published studies on humans sleeping in 
warm ambient environments [11,20] and three other studies 
which specifically addressed the effects of daytime heating 
on the ensuing night’s sleep [5, 10, 18]. There are no pub- 
lished studies reporting the effects of a cold stress on both 
human sleep stage architecture and interrelationships with 
the circadian (core-body) temperature rhythm to which the 
results of the present study can be compared. However, 
there has been one study [5] in humans which measured 
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rectal temperature during the sleep period of one subject 
following passive daytime heating as part of a larger study on 
the effects of afternoon exercise on sleep. This subject 
showed an increased compensatory drop in T,, at sleep onset 
and for the first three hours of sleep and a significant in- 
crease in absolute minutes of Stage 4 sleep. There are two 
other studies in the literature which have also found in- 
creases in slow wave sleep (Stages 3 and 4 combined) follow- 
ing passive daytime heating in a sauna [18] and a Turkish 
bath [10]. 

There is a group of insomnias secondary to affective dis- 
order, either major depressive or bipolar [1]. These disorders 
are associated with highly characteristic, abnormal sleep 
architectures. Sleep in major depression shows an abnor- 
mally shortened first NREM-REM sleep cycle of less than 
40-minutes (short latency to the first REM period), signifi- 
cantly decreased amounts of slow wave sleep and a 
prominent sleep continuity disturbance with consistently 
premature early morning awakenings [6, 7, 8, 9]. The present 
work on cooling, together with the Horne and Staff work [5] 
on passive daytime heating (where there was no increase in 
Awake time or diminution of sleep continuity), suggest that 
there is a common underlying mechanism for the increased 
Stage 4 sleep following either perturbation of the thermo- 
regulatory system and that this mechanism is the significant 
driving down of core-body temperature at sleep onset and for 
at least the first two hours of the sleep period. Whether this 
**troughing’’ of body temperature soon after sleep onset oc- 
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curs as the result of a compensatory response to an abnor- 
mally heightened daytime elevation of body temperature 
(passive daytime heating) or as the result of nocturnal cool- 
ing (a mild nocturnal cold stress) seems to make little differ- 
ence in terms of the increases in Stage 4, only in overall sleep 
continuity. Therefore, one could just as easily use daytime 
passive heating to preserve sleep continuity but increase the 
amount of deep slow wave sleep obtained and lengthen the 
first’ NREM period. Considering thermoregulatory chal- 
lenges as a non-pharmacological vehicle for normalizing 
sleep architecture in a certain subset of the insomnias (major 
depression) may well prove fruitful. 

In summary, it would seem that pursuing interractions 
between active thermoregulation and sleep in normal, 
healthy humans in response to either a daytime or nighttime 
thermal challenge could provide an important paradigm for 
systematically altering abnormal sleep architecture in some 
of the insomnias. 
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MELLO, N. K., M. P. BREE AND J. H. MENDELSON. Alcohol and food self-administration by female Macaque 
monkeys as a function of menstrual cycle phase. PHYSIOL BEHAV 36(5) 959-966, 1986.— Female Macaque monkeys 
were trained to self-administer food (1 g banana pellet) and alcohol (0.12 g/kg/inj IV) in an operant paradigm. Alcohol and 
food-maintained responding were controlled by a second order schedule of reinforcement FR 4 (VR 16:S) that required an 
average of 64 responses for delivery of one food pellet or alcohol injection. Alcohol self-administration at average dose 
levels of 0-1.5, 1.5-3.0, 3.0-4.0 and 4.0 to 5.5 g/kg/day did not vary systematically as a function of menstrual cycle phase in 
a sample of 30 menstrual cycles. But alcohol self-administration was significantly lower during menstruation (9 <0.002) in 
comparison to mid-cycle or the late luteal phase. Monkeys that self-administered high doses of alcohol (3.0—-5.5 g/kg/day) 
also showed stable patterns of food self-administration across the menstrual cycle. Monkeys that self-administered low to 
moderate doses of alcohol (0-3.0 g/kg/day) showed a consistent decrease in food self-administration at mid-cycle. The 
implications of these data for hypotheses concerning estrogen modulation of food intake and the influence of the pre- 


menstruum on alcohol self-administration are discussed. 
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THERE is abundant clinical evidence that dysphoric mood 
states in women are correlated with certain menstrual cycle 
phases. A syndrome often referred to as ‘‘ premenstrual ten- 
sion’’ is characterized by increased anxiety, depression, 
tension, irritability, sleep disturbances, lethargy, impaired 
concentration, headaches, constipation, bloating, back- 
aches, breast tenderness, weight changes and changes in 
sexual feeling and activity [26, 36, 37, 39]. Although the pre- 
menstrual period is most commonly associated with dys- 
phoria and lability of affect, menstruation and the peri- 
ovulatory phase may also be associated with increased anx- 
iety and depression. These symptoms may not occur in all 
women at every cycle, and all are not specific to women or to 
the menstrual cycle process. However, the periodic recur- 
rence of this constellation of symptoms in concert with 
phases of the menstrual cycle has been implicated in an 
exacerbation of psychotic disorders, especially depression 
[36,37] as well as increased alcohol abuse [2, 3, 29]. 
Clinical studies of women with alcohol problems have 
consistently shown that drinking tends to increase during the 
premenstruum [2, 3, 29]. Patients who reported premenstrual 
tension used alcohol to try to decrease or modulate the un- 
pleasant symptoms associated with the premenstruum. To 





date, there have been no empirical studies of the temporal 
concordance between drinking, mood, and hormonal 
changes associated with the menstrual cycle in female alco- 
holics or in problem drinkers (cf. [19] for review). 

The existence of a premenstrual tension syndrome has 
sometimes been challenged on methodological as well as 
ideological grounds [33,39]. For example, it has been argued 
that women experience discomfort because they have been 
taught that they should feel premenstrual tension and anxiety 
[34]. At the other end of the spectrum are those who postu- 
late that the cyclic changes in pituitary gonadotropins and 
ovarian steroid hormones which define the phases of the 
menstrual cycle may contribute to changes in affective states 
[1, 31, 37]. How subjective changes in feeling states are in- 
fluenced by expectancy or modulated by concurrent changes 
in pituitary and gonadal hormone secretory patterns is un- 
known. 

This report examines patterns of alcohol self- 
administration by female rhesus monkeys during the 
menstrual cycle. Recently we reported that female rhesus 
monkeys are an excellent model for study of the effects of 
alcohol on reproductive function [22]. During chronic alco- 
hol self-administration, female rhesus monkeys develop a 


‘Animal maintenance and research was conducted in accordance with the guidelines provided by the Committee on Laboratory Animals 
Facility and Care, the National Research Council Institute of Laboratory Animals Resources. The Facility is licensed by the U.S. Department 
of Agriculture. The health of the monkeys was periodically monitored by a consultant veterinarian from the New England Regional Primate 


Center. 
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number of derangements ‘of reproductive function similar to 
those seen in alcoholic women, including amenorrhea, 
anovulatory cycles, and luteal phase inadequacy [8, 22, 27, 
35]. The rhesus monkey is similar to human women in all 
aspects of their reproductive physiology [13, 14, 15, 30], but 
it is not known if any phases of the menstrual cycle are 
associated with discomfort in female monkeys. However, 
any consistent covariance between alcohol  self- 
administration and menstrual cycle phase could not reason- 
ably be attributed to learning or expectancy factors. 

Food self-administration was also studied in an operant 
paradigm since variations in food intake at different phases 
of the menstrual cycle have been reported in primates [4, 11, 
32] and in rats (cf. [38] for review). Female rhesus monkeys 
rejected food during the peri-ovulatory period significantly 
more often than during the early follicular or mid-luteal 
phases of the menstrual cycle [4]. These findings have been 
consistently reconfirmed in normally cycling rhesus females 
[S, 11, 12, 32]. Moreover, administration of estrogen to 
ovariectomized monkeys was associated with suppression of 
food intake [6, 11, 12], but this did not persist beyond 2 or 3 
weeks [12]. The mechanisms by which estrogens may influ- 
ence food intake remains to be determined [38]. This is the 
first report of operant response contingent food self- 
administration in Macaque monkeys as a function of 
menstrual cycle phase. 


METHOD 
Subjects 


Sexually mature female Macaque monkeys (4.6 to 7.5 kg) 
were housed individually in a room with adult male Macaque 
monkeys. A twelve hour light-dark cycle (7 a.m. to 7 p.m.) 


was in effect. During adaptation to the laboratory, monkeys 
were maintained on ad lib food and water. Monkey chow 
was supplemented daily with fresh fruit, vegetables and 
multiple vitamins. Vaginal swabs were done daily to deter- 
mine the onset and duration of menstrual bleeding. Blood 
samples were collected two or three times each week prior to 
and during alcohol and food self-administration studies to 
monitor changes in pituitary and gonadal hormones. 
Endocrine data will be reported separately. 

Each monkey had a prior history of occasional alcohol 
exposure in studies of the acute effects of alcohol on pitui- 
tary gonadal hormones [21] but had been alcohol free for at 
least three months prior to initiation of the behavioral 
studies. All monkeys appeared to have normal ovulatory 
menstrual cycles as indicated by a mid-cycle luteinizing 
hormone (LH) surge and subsequent elevation in 
progesterone levels during the pre-alcohol period. 

Alcohol and food self-administration data are reported for 
30 menstrual cycles from six females. Since chronic high 
dose alcohol  self-administration often resulted in 
amenorrhea [22], only cycles which terminated in menstrua- 
tion were selected for analysis. The 30 menstrual cycles dur- 
ing alcohol self-administration averaged 30.23 days (+0.73). 
The average length of the menstrual cycle in these monkeys 
for 6 to 10 months before alcohol self-administration was 
31.04 days (+2.07). The average length of pre-alcohol con- 
trol cycles and the alcohol self-administration cycles were 
not significantly different as analyzed by f-tests. 

Each menstrual cycle during alcohol self-administration 
was divided into three 5 day phases. Detection of menstrua- 
tion during the morning vaginal swab defined day 1 of a 
menstrual cycle and also defined the final day of the preced- 


MELLO, BREE AND MENDELSON 


ing menstrual cycle. Cycle days 1 through 5 overlap with 
menstruation and are referred to as menses for convenience. 
The mid-point of the cycle plus and minus two days is re- 
ferred to as mid-cycle. The final five days of the menstrual 
cycle is referred to as the late luteal phase. 


Apparatus 


Monkeys worked at an operant task in a specially de- 
signed restraining apparatus which protected the intravenous 
catheter and allowed free movement of the arms and legs 
[25]. The monkey was able to maintain a comfortable natural 
posture at all times and to jump up and down but could not 
reach the top of her head, the point of intravenous catheter 
exit. The restraining apparatus was placed in a well- 
ventilated experimental chamber, equipped with an operant 
response panel, a water dispenser and an automatic feeder. 
Chambers were closed during alcohol and food self- 
administration sessions. 

Delivery of food pellets and alcohol injections were con- 
tingent on the monkey’s operant performance. Schedules of 
reinforcement were programmed by silent transistor cir- 
cuitry (BRS Foringer 200 Series). Following completion of 
the scheduled response requirement, a 1 g Noyes banana 
pellet or one alcohol injection (0.12 g/kg/inj IV) was automat- 
ically dispensed in a train of pulses. Each pulse dispensed 
ten Lambda of fluid. The operation of the injection pump 
(Model 1302 Lambda Pump, Harvard Apparatus Company) 
was audible to the monkey. 

The conditions of food and alcohol availability and time- 
out (when responses had no programmed consequence) each 
were associated with a colored stimulus light (S+) projected 
on a translucent Plexiglas response key in the center of an 
operant panel. When a food pellet or alcohol injection was 
dispensed, the appropriate colored stimulus light flashed for 
one second on three circles located in a vertical column 
below the response key. These stimulus light flashes (S+) 
were also used to signal the completion of each successive 
component of the second order schedule response require- 
ment. A more detailed description of the apparatus has been 
published previously [25]. 

Food and alcohol were available four times each day, 
seven days a week. Food sessions began at 11 a.m., 3 p.m., 7 
p.m. and 11 p.m. each day, and alcohol sessions began an 
hour later at 12 noon, 4 p.m., 8 p.m. and 12 midnight. Each 
alcohol or food session lasted either one hour or until 
twenty alcohol injections or sixty-five food pellets were de- 
livered. The chamber was dark between | a.m. and 9 a.m. 
Daily cleaning and weighing were completed in the morning 
before the first food and alcohol session. Multiple vitamins, 
fresh fruit (1/2 an apple or orange) and vegetables were pro- 
vided daily during the late afternoon time-out period. At 5 
p.m. four small Purina chow pellets were also provided on 
alternate days. 


Training Procedures 


Each naive female monkey was initially trained on 
gradually increasing response requirements on a variable 
ratio (VR) schedule of food reinforcement in which the 
number of responses required for each reinforcement varied 
irregularly. On the final VR schedule (VR 16), an average of 
sixteen responses produced a brief stimulus light (S+) and a 
1 gram banana pellet. Once behavior was stable, the 
schedule was changed to a second order schedule. On the 
final second order schedule, only a brief stimulus light (S+) 
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was delivered after completion of each VR 16 response re- 
quirement. After four consecutive VR 16 components were 
completed, both the brief stimulus light and a food pellet 
were delivered. This is a second order fixed ratio (FR) of 4 
schedule with VR 16 components (FR 4 [VR 16:S]). 


Surgical Procedures 


Once food self-administration was stable, monkeys were 
surgically implanted with chronic indwelling catheters to 
permit intravenous alcohol self-administration. All surgical 
procedures were performed under aseptic conditions. Mon- 
keys were anesthetized with ketamine (25 mg/kg/IM) and a 
double lumen, silicone rubber catheter (i.d. 0.028 in.; o.d. 
0.088 in.) was placed in a vein. Following surgery, animals 
were given | ml of longicil IM every other day for a total of 
five injections and maintained on saline until the next 
menstrual cycle. 


Alcohol Availability 


Monkeys were first given access to alcohol during 
menstruation or the late luteal phase of the menstrual cycle. 
Alcohol was available under the same sequence of increasing 
response requirements used for food self-administration 
training. Subsequently, food and alcohol (0.12 g/kg/inj) self- 
administration were maintained under the same second order 
schedule of reinforcement (FR 4 [VR 16:S]) in which an av- 
erage of sixty-four responses was required for each food 
pellet or alcohol injection. 


Alcohol Solution Preparation 


Alcohol was prepared in a 12% (w/v) solution from sterile 
saline and 95% ethanol. Solutions were passed through a 
Millepore® filter to remove pyrogens. 


Data Analysis 


Comparisons between alcohol and _ food _ self- 
administration at each menstrual cycle phase were made 
with Analysis of Variance with LSD followup tests [18,28] and 
with correlated f-tests for related samples (two tailed) [17]. 
Correlation analyses were also done to evaluate the rela- 
tionship between alcohol dose and food self-administration 
[17]. 


RESULTS 
Alcohol Self-Administration 


The thirty menstrual cycles were divided into four groups 
according to the average dose of alcohol self-administered 
during each cycle. A low dose was defined as 0 to 1.5 
g/kg/day of alcohol. A moderate dose was defined as 1.5 to 
3.0 g/kg/day of alcohol. A high-intermediate dose was de- 
fined as 3.0 to 4.0 g/kg/day of alcohol. A high dose was 
defined as 4.0 to 5.5 g/kg/day of alcohol. The amount of 
alcohol (g/kg/day) differed significantly between the four 
dose groups as evaluated by ANOVA (p<0.001). 

In the low and moderate alcohol dose groups, menstrual 
cycles were normal as indicated by a mid-cycle LH surge 
and subsequent rise in progesterone. In the high- 
intermediate and high dose groups, cycles terminated in 
menstruation, but these were not normal ovulatory 
menstrual cycles. Average alcohol doses above 3.0 g/kg 
consistently resulted in suppression of ovulation and luteal 
phase inadequacy as inferred from the absence of a mid- 
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FIG. 1. Alcohol self-administration as a function of menstrual cycle 
phase. The average number of injections of alcohol (0.12 g/kg/inj) 
self-administered per day (mean+S.E.) is shown on the left ordi- 
nate. Menstrual cycle phases are shown on the abscissa: menses 
(days 1-5); mid-cycle (5 days); the late luteal phase (5 days before 
menstruation). Data from females that self-administered low to 
moderate daily doses of alcohol are shown on the top panel. Each 
data point is an average of 7 menstrual cycles. Data from females 
that self-administered high doses of alcohol are shown in the lower 
panel. Each data point for the high intermediate alcohol dose group 
represents 7 menstrual cycles. Each data point in the high alcohol 
dose group represents 9 menstrual cycles. 


cycle LH surge and low basal levels of progesterone 
throughout the cycle. Radioimmunoassays of estradiol and 
FSH are still in progress and these endocrine data will be 
reported separately. 

Figure 1 shows the average number of alcohol injections 
self-administered during menstruation (cycle days 1 through 
5), at mid-cycle, and during the last 5 days immediately be- 
fore menstruation for each alcohol dose group. In the low 
dose group (0 to 1.5 g/kg/day) animals took significantly 
fewer alcohol injections at mid-cycle than during menstrua- 
tion, 1(34)=2.74, p<0.01, or the late luteal phase, 1(34)=4.46, 
p<0.001. Exactly the opposite pattern occurred in both the 
moderate (1.5 to 3.0 g/kg/day) and the high-intermediate dose 
group (3.0 to 4.0 g/kg/day). In the moderate dose group these 
differences were not statistically significant. However, in the 
high-intermediate dose group, animals self-administered 
significantly more alcohol at mid-cycle than during 
menstruation, 1(34)=3.0, p<0.01, or the late luteal phase, 
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FIGS. 2-4. Daily patterns of alcohol self-administration by individ- 
ual female monkeys across a complete menstrual cycle. Alcohol 
injections per day (0.12 g/kg IV) are shown on the left ordinate and 
days of the menstrual cycle are shown on the abscissa. Figure 2 
shows data from two monkeys that self-administered an average of 
1.5 to 3 g/kg/day. Figure 3 shows data from 3 monkeys that self- 
administered an average of 3 to 4 g/kg of alcohol per day. Figure 4 
shows data from 2 monkeys that self-administered an average of 4 to 
5.5 g/kg of alcohol per day. 


1(34)=2.73, p<0.01. The high dose group (4.0 to 5.5 g/kg/day) 
self-administered significantly more alcohol during both 
mid-cycle, 1(44)=2.56, p<0.02, and the late luteal phase, 
1(44)=3.96, p<0.001, than during menstruation. 

Representative patterns of alcohol self-administration by 
individual monkeys in the moderate, high-intermediate and 
high dose groups are shown in Figs. 2 through 4. Average 
alcohol injections per day during self-administration of 1.5 to 
3 g/kg/day of alcohol over a complete menstrual cycle are 
shown in Fig. 2. Daily alcohol intake varied within each 
menstrual cycle, but did not consistently increase or de- 
crease at the premenstruum. Visual inspection of cycles 
from other individual monkeys also failed to show any con- 
sistent trends. 

Figure 3 shows daily alcohol self-administration patterns 
during cycles when relatively high doses of alcohol averaging 
between 3 and 4 g/kg/day were self-administered. The varia- 
bility in alcohol self-administration patterns was somewhat 
greater, but again there was no consistent tendency to in- 
crease alcohol intake at the premenstruum. 

Figure 4 shows alcohol self-administration patterns dur- 
ing cycles when very high doses of alcohol averaging be- 
tween 4 and 5.5 g/kg/day were self-administered. It is inter- 
esting to note that patterns of high dose alcohol self- 
administration were considerably more stable than the high- 
intermediate dose patterns shown in Fig. 3. 

The combined data for low and moderate alcohol doses 
(Fig. 1, top) were compared with combined data for inter- 
mediate and high alcohol doses (Fig. 1, bottom). ANOVA 
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FIG. 3. 


showed no _ significant differences in alcohol self- 
administration by menstrual cycle phase in the low and mod- 
erate alcohol cycle groups combined. Whereas in the com- 
bined intermediate and high dose groups, alcohol self- 
administration was lower during menses (p<0.001) than dur- 
ing mid-cycle or the late luteal phase. 

A lower level of alcohol self-administration during 
menses was also evident when all four alcohol dose groups 
were combined. Figure 5 shows the average number of alco- 
hol injections per day and the daily alcohol dose for 30 
menstrual cycles during each menstrual cycle phase. Alcohol 
intake during menses was significantly lower (p<0.002) than 
during mid-cycle or the late luteal phase as evaluated by 
ANOVA and LSD followup tests. 


Food Self-Administration 


Average food self-administration during menstruation 
(cycle days 1-5), mid-cycle, and during the last five days 
before menstruation are shown for each alcohol dose group 
in Fig. 6. Food intake decreased at mid-cycle in both the low 
and moderate alcohol dose groups (Fig. 6, top). However, 
this change was significantly different from food intake dur- 
ing menstruation only in the moderate alcohol dose group, 
1(34)=2.23, p<0.05. Food self-administration at mid-cycle 
was not significantly less than during the late luteal phase in 
either group. 

No comparable mid-cycle decrease in food self- 
administration was seen in the high-intermediate or high 
alcohol dose groups (Fig. 6, lower panel). In the intermediate 
alcohol dose group, food self-administration was lower dur- 
ing menstruation than at mid-cycle or during the late luteal 
phase, but these differences were not statistically significant. 
In the high alcohol dose group, food self-administration was 
significantly lower during menses than at mid-cycle, 
1(44)=2.22, p<0.05, or during the late luteal phase, 
1(44)=2.26, p<0.05). 
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Comparison of Fig. 6 with Fig. 1 shows that changes in 
food self-administration did not covary consistently with 
changes in alcohol self-administration across menstrual 
cycle phases. These impressions were confirmed with corre- 
lation analysis which showed no significant relationship be- 
tween alcohol and food self-administration at any dose or 
cycle phase (r=—.067). Decreased food intake at mid-cycle 
(Fig. 6) was associated with a significant decrease in alcohol 
self-administration in the low dose group and a non- 
significant increase in alcohol self-administration in the 
moderate alcohol dose group (Fig. 1). In both the high inter- 
mediate and high alcohol dose groups, a significant increase 
in alcohol self-administration at mid-cycle (Fig. 1) was asso- 
ciated with a slight increase in food intake at mid-cycle (Fig. 6). 

The experimental conditions did not change food self- 
administration appreciably. Food self-administration during 
the last 10 days prior to surgery did not differ significantly 
from the last 10 days prior to alcohol availability. 


DISCUSSION 
Alcohol Self-Administration 


Alcohol self-administration by female rhesus monkeys 
did not consistently increase during the late luteal phase or 
premenstruum (Figs. 1-4). Rather, alcohol intake tended to 
be highest at mid-cycle in the moderate and high inter- 
mediate dose groups (Fig. 1) and when data for all alcohol 
dose groups were combined (Fig. 5). At average alcohol 
doses above 3 g/kg/day, alcohol intake during menstruation 
was significantly lower than at mid-cycle or the late luteal 
phase (Fig. 1). This tendency was also evident when data for 
the four dose groups were combined (Fig. 5). Alcohol intake 
was significantly lower during menses (p<0.002) than at 
other cycle phases. 

The significant decrease in alcohol self-administration 
during menstruation was unexpected. It is difficult to explain 
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FIG. 5. Alcohol self-administration as a function of menstrual cycle 
phase. Alcohol injections per day (mean+S.E.) are shown on the left 
ordinate. The total daily dose of alcohol (g/kg) (mean+S.E.) is 
shown on the right ordinate. Phases of the menstrual cycle are 
shown on the abscissa: menses (days 1-5); mid-cycle (5 days); late 
luteal phase (5 days before menstruation). Each data point is an 
average of 30 menstrual cycles. 


in terms of dysmenorrhea. If monkeys were experiencing 
discomfort related to menses, it might be anticipated that 
they would increase rather than decrease alcohol self- 
administration. Alternatively, if menstruation was associ- 
ated with nausea, alcohol intoxication may have been aver- 
sive. 

These data do not support the hypothesis, derived from 
clinical data, that alcohol self-administration increases at the 
premenstruum in comparison to other menstrual cycle 
phases (see [19] for review). Other than self-report data by 
alcoholic women [2, 3, 29], there have been no direct obser- 
vations of drinking patterns in women during the menstrual 
cycle on a clinical research ward, but these studies are cur- 
rently underway in our laboratory. Self-report data on the 
concordance of alcohol use and marihuana smoking with 
menstrual cycle phase also have not shown increased drug 
use at the premenstruum ({16] and M. Griffin, personal 
communication, 1985). 

The observed differences between rhesus monkeys and 
alcoholic women may be primarily attributable to species 
differences, to methodological differences (observed behav- 
ior versus self-report measures) or to the difficulty of ascer- 
taining the presence or absence of something analogous to a 
premenstrual tension syndrome in rhesus monkey. How- 
ever, it does seem reasonable to conclude that the hormonal 
variations which define the premenstruum are not reliably 
associated with increases in alcohol self-administration in 
rhesus monkey. 

In addition to clinical reports of increased drinking during 
the premenstruum, it has also been reported that women 
develop higher blood alcohol levels at the premenstruum 
than during menstruation or cycle days 13 through 18 [9,10]. 
These data are compatible with the hypothesis that drinking 
patterns might be modulated by menstrual cycle phase, but 
recent studies in human females failed to find differences in 
peak blood alcohol levels at the premenstruum, menstrua- 
tion and cycle days 12-15 in nine women given sufficient 
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FIG. 6. Food self-administration as a function of menstrual cycle 
phase. The average number of banana pellets (1 g) self-administered 
per day is shown on the left ordinate. Menstrual cycle phase 
(menses, days 1-5; mid-cycle, 5 days; the late luteal phase, 5 days 
before menstruation) are shown on the abscissa. Data from females 
that self-administered low to moderate daily doses of alcohol are 
shown in the top panel. Each point is an average of 7 menstrual 
cycles. Data from females that self-administered high doses of alco- 
hol are shown in the lower panel. Each data point for the high- 
intermediate alcohol dose group represents 7 menstrual cycles. Each 
data point in the high alcohol dose group represents 9 menstrual 
cycles. 


alcohol to produce peak blood alcohol levels of 103 mg/dl [7]. 
We also failed to find differences in blood alcohol levels 
following a standard dose of alcohol (1.5, 2.5 and 3.5 g/kg) in 
female rhesus monkeys as a function of menstrual cycle 
phase [23]. The present report of stable alcohol self- 
administration patterns during mid-cycle and the late luteal 
phase is consistent with previous reports of stable blood 
alcohol levels following a standard dose of alcohol across the 
menstrual cycle [7,23]. 

These data confirm and extend our observations of the 
feasibility of using an operant alcohol self-administration 
paradigm to develop a model of alcoholism in female rhesus 
monkeys [20,22]. Previous descriptions of IV alcohol self- 
administration in rhesus monkeys have emphasized the diffi- 
culties involved in inducing alcohol maintained responding 
[40,41]. Usually it has been necessary to train monkeys on a 
highly reinforcing drug such as cocaine and then substitute 
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alcohol for cocaine. Our females were experimentally naive 
and no comparable drug related manipulations were required 
to initiate alcohol self-administration. Although there were a 
number of procedural differences between the present study 
and the experiments of Winger, Woods and co-workers, 
probably the most salient difference was a history of food 
self-administration. Winger and Woods [40] paradigm in- 
volved only alcohol (or other drug) self-administration 
whereas our monkeys were adapted to the operant chamber 
and trained to self-administer banana pellets before implan- 
tation of intravenous catheters for alcohol self-admin- 
istration. It seems likely that food self-administration train- 
ing facilitated acquisition of alcohol maintained responding. 
The fluctuations in daily alcohol self-administration ob- 
served in this study (Figs. 2-4) resembled patterns reported 
by Winger and Woods [40] under continuous alcohol access 
conditions. However, the degree of variation was somewhat 
less, probably because alcohol was available in four one hour 
sessions each day, rather than for 24 hours. Winger and 
Woods [40] also reported more stable patterns of alcohol 
self-administration under restricted (3 hr/day) access condi- 
tions. The alternation between low and high alcohol intake 
shown in Fig. 4 is most similar to patterns described in 
rhesus monkey by Winger and Woods [40] and in chronic 
alcoholic men given continuous alcohol availability [24]. 


Food Self-Administration 


There was no covariance between changes in food intake 
and alcohol intake as a function of menstrual cycle phase. 
But patterns of food self-administration across the menstrual 
cycle differed in groups that took less than 3 g/kg of alcohol 
per day (Fig. 6, top) and groups that took between 3 and 5.5 
g/kg of alcohol per day (Fig. 6, lower panel). Cycles in the 
high alcohol dose groups were associated with relatively 
stable food intake patterns, thus confirming our previous 
observations [22]. Cycles in the low and moderate alcohol 
dose groups were associated with a decrease in food self- 
administration at mid-cycle which is consistent with previ- 
ous studies of food intake patterns by rhesus females [4, 5, 6, 
11, 12, 32]. Samples of 202 females [4], 18 females [5] and 10 
of 13 females studied over consecutive menstrual cycles 
[11,12] and 9 of 14 females studied for | or 2 cycles [32] 
showed a significantly greater incidence of food rejection at 
mid-cycle than at the early follicular or luteal phase of the 
menstrual cycle. No other studies of response-contingent 
food self-administration by rhesus females are available for 
comparison. The decrease in food self-administration at 
mid-cycle did not appear to be related to changes in alcohol 
self-administration since both increases and decreases in 
alcohol intake occurred (Figs. 1 and 2). 

Decreased food intake at mid-cycle has been attributed to 
the pre-ovulatory increase in estrogen levels in monkey [6, 
11, 12, 32] and in rat [38]. Additional support for that hy- 
pothesis has come from observations of estrogen related de- 
creases in food intake by ovariectomized females, given ex- 
oOgenous ovarian steroid hormones [6, 11, 12]. Maintenance 
on estradiol at levels characteristic of the mid-follicular 
phase did not reliably affect food intake, but higher doses of 
estradiol suppressed food intake and body weight [11,12]. 

Since the high dose alcohol groups sustained a number of 
disruptions of menstrual cycle function, including anovula- 
tion indicated by the absences of a mid-cycle LH surge and 
basal levels of progesterone during the luteal phase, the lack 
of a mid-cycle decrease in food self-administration is consis- 
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tent with the hypothesis that estrogen levels may modulate 
food intake. The dissociation between food self-admin- 
istration patterns in females with normal ovulatory 
menstrual cycles during low dose alcohol intake and females 
with anovulatory cycles during high dose alcohol intake is 
also concordant with the notion that pre-ovulatory increases 
in estrogen levels are associated with decreased food self- 
administration. If these findings are confirmed in future 
studies of operant food self-administration in normally cy- 
cling females, it is possible that food seif-administration may 
prove to be a useful behavioral indicator of ovulation. 
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OLSON, G. A., M. F. PIGNATIELLO, A. J. KASTIN, B. F. GEIGER AND R. D. OLSON. Lesions in ventromedial 
hypothalamus or amygdala do not affect naloxone’s suppression of water consumption. PHYSIOL BEHAV 36(5) 967-970, 
1986.—Rats received lesions in the ventromedial hypothalamus (VMH) or amygdala, or were sham operated, and then 
were tested for two-hour intake of water after injections of naloxone (2 mg/kg), MIF-1 (2, 4, or 8 mg/kg), or diluent. There 
was a Significant effect of test compound, with naloxone reducing consumption relative to the diluent control and the 
largest dose of MIF-1. Although MIF-1 tended to suppress drinking, the effect did not reach significance. There was no 
main effect for lesions, indicating that the amygdala and the VMH do not play a critical role in the effect of naloxone or 
MIF-1 on water consumption. A significant lesion by time interaction occurred, however, with amygdala-lesioned rats 
drinking the most in the first 30 min but much less after that. The VMH rats drank the most in the 30-60 min interval, but 
there were no differences in groups after 60 min. Thus, it appears that the intact VMH and basolateral amygdala are not 
necessary for naloxone’s suppression of water consumption in the rat. 


Naloxone Ventromedial 


Hypothalamus 


Amygdala 





ALTHOUGH it has consistently been demonstrated that 
medium to large doses of naloxone suppress water intake 
under a variety of conditions, it appears that the opiate re- 
ceptors in the ventromedial hypothalamus (VMH) do not 
mediate this effect. The VMH has long been known to play a 
role in regulation of consumption [3,10] and contains large 
concentrations of opiate receptors [14,19]. These receptors, 
however, do not appear to be essential for the effects of 
naloxone on consumption, since naloxone has been found to 
reduce eating in both VMH-lesioned and normal rats in 
deprivation-induced and appetitively-motivated feeding [13]. 
One purpose of the present study was to determine if this 
finding also occurs with drinking. 

A second purpose of this experiment was to test the effect 
of naloxone in rats with lesions in the basolateral amygdala. 
Previous findings with such lesions have produced inconsis- 
tent results, with some demonstrating increased water con- 
sumption [6,18], others finding decreased water intake 
[5,20], and still others reporting no effect of the lesions on 
drinking [2]. Since the amygdala has also been shown to 
contain moderate levels of opiate receptors [1, 9, 14, 21], it is 
possible that the effect might depend in part on the opiate 
system. 


MIF-1 probably represents an endogenous opiate 


antagonist since it was found to act like naloxone in a 
number of situations [4, 7, 8, 11, 22-25], including the sup- 
pression of water intake by naloxone [15,16]. The tripeptide, 
however, did not reduce food intake in VMH-lesioned rats at 
a dose of 5 mg/kg [11]. This study will use three doses of 
MIF-1, in addition to naloxone, in an attempt to determine if 
the two compounds produce similar effects on drinking in 
VMH- and amygdala-lesioned animals. 


METHOD 
Animals 


A total of 19 adult female Long-Evans hooded rats 
(Simonsen Laboratories, Gilroy, CA) were used, including 
five with VMH lesions, nine with basolateral amygdala le- 
sions, and five sham operated controls. They were fed ad lib 
for several months after the operations, thus allowing ample 
recovery time. All animals were deprived of water for 12 
hours before testing began and received no food during test- 
ing. Before deprivation the VMH-lesioned, amygdala- 
lesioned, and sham-operated rats weighed a mean of 586.75 g, 
385.0 g and 389.0 g, respectively. All animals were indi- 
vidually housed in a temperature controlled colony (22-24°C) 
with a 12 hr light/dark cycle, with lights on at 8 am, through- 
out the experiment. 
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FIG. 1. Mean grams of water consumed in the two-hour test period immediately after injections of naloxone, MIF-1 or diluent. 
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FIG. 2. Mean grams of water consumed in the two-hour test period immediately after injections in rats with lesions in the ventromedial 
hypothalamus (VMH) or amygdala or with sham lesions. 
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Lesions 


Bilateral VMH and amygdala lesions were produced 
under sodium pentobarbital anesthesia (50 mg/kg) by passing 
a 1.5 mA current between the 0.75 mm uninsulated tip of an 
insulated stainless steel electrode (no. 0 insect pin) and a 
rectal cathode for 20 sec. With the upper incisor bar posi- 
tioned horizontally with the interaural line, the electrodes for 
VMH lesions were positioned 1.0 mm posterior to bregma, 
0.6 mm lateral to the midsagittal suture, and 9.3 mm below 
the surface of the skull. The coordinates for amygdala le- 
sions were 1.0 mm posterior to bregma, 5.0 mm lateral to the 
midsagittal suture, and 8.3 mm below the surface of the 
skull. In animals with sham lesions, the skull was exposed 
and drilled, but the electrode was not lowered. 

On completion of the experiment, histological analysis 
was performed by light microscopic examination of cresyl 
violet-stained 50 4m coronal sections cut on a freezing mi- 
crotome. Data from animals with inaccurate lesion place- 
ments (i.e., those without extensive bilateral damage to the 
VMH or amygdala) were excluded from analysis. 


Test Compounds 


Five conditions were used, including naloxone (2 mg/kg), 
MIF-1 (2, 4 and 8 mg/kg), and diluent, with each rat receiving 
all five injections, one per day, every other day, over a nine 
day period. The naloxone and MIF-1 were dissolved in a 
vehicle consisting of 0.9% saline made to 0.01 M with acetic 
acid and given intraperitoneally in a volume proportional to 
weight of 1.0 ml/kg. The order of the injections was counter- 
balanced across animals, and the study was conducted in an 
experimenter-blind fashion to prevent experimenter bias. 


Procedure 


At 8 p.m. on the night before each testing day, the water 
bottles were removed from all home cages. Twelve hours 
later the rats were administered the appropriate injections 
and were returned to their home cages with immediate ac- 
cess to their water bottles. The amount of water intake was 
recorded every 30 min for two hr. All animals had been 
handled before the experiment began to habituate them to 
the procedure, since VMH rats are hyperreactive to han- 
dling. Animals were only tested every other day to allow 
dissipation of the compounds and recovery from the stress of 
the procedure. 


RESULTS 


Histological analysis revealed that all of the VMH- 
lesioned rats had extensive bilateral damage to the ven- 
tromedial hypothalamus. One, however, had massive de- 
struction of the whole hypothalamus, and the data from that 
rat were excluded from analysis, leaving four animals in that 
group. Three of the amygdala-lesioned rats were also elimi- 
nated because only unilateral damage occurred, so that six 
animals with bilateral damage in the basolateral amygdala 
remained in that group. All five sham-operated animals were 
included in the analysis. 

A mixed analysis of variance (compounds by time inter- 
vals) was performed on the amounts of water consumed, and 
where appropriate was followed by Duncan’s Multiple 
Range Test. There was a significant effect of compound, 
F(4,48)=2.654, p<0.05, with naloxone suppressing the total 
amount of water intake relative to the diluent control 


(p<0.01) and to the 8 mg/kg dose of MIF-1 (p<0.05). No 
other comparisons were reliable, including any difference 
between the naloxone and the two lower doses of MIF-1. 
There were no significant interactions associated with the 
conditions of test compounds, but the compound by time 
interaction approached significance, with no differences in 
the effect of compound appearing until the 90 min measure- 
ment. Although MIF-1 tended to reduce drinking, as can be 
seen in Fig. 1, the effect was not statistically significant, and 
there were no differences between the MIF-1 doses. 

There was no significant main effect for lesions, but there 
was a reliable lesion by time interaction, F(6,36)=4.663, 
p<0.02 (see Fig. 2). The amygdala-lesioned rats showed the 
greatest drinking for the first 30 min, but slowed consump- 
tion in the 30-60 min interval relative to the VMH-lesioned 
rats (p<0.01). The VMH rats also drank more than the sham 
animals in the second interval (p<0.05), but there was no 
difference between the sham and amygdala-lesioned rats in 
that interval. There were no differences between groups in 
consumption rate after 60 min. 


DISCUSSION 


These findings support the previous work on the sup- 
pression by naloxone of consumption in VMH-lesioned rats. 
As found previously [13], VMH lesions had no significant 
influence on naloxone’s effect. Since amygdala lesions also 
did not alter the reduction of drinking by naloxone, it ap- 
pears that the opiate receptors in these structures do not 
mediate opiate control of water consumption. 

Lesions of the VMH and amygdala, however, do affect 
fluid intake. The amygdala-lesioned rats started drinking 
immediately, and drank copious amounts in the first 30 min 
but greatly curtailed consumption after that, suggesting that 
the amygdala normally might be involved in inhibition of the 
initiation of drinking. This is in partial agreement with a re- 
port of immediate but transient hyperphagia produced by 
lesioning the lateral amygdala, although hyperdipsia was not 
reported [2]. Most other studies measured only total daily 
intake and, therefore, could not determine the temporal 
changes that we noted. The VMH-lesioned rats, however, 
started drinking slowly but increased greatly during the sec- 
ond 30 min period, suggesting an impairment of the satiety 
mechanism. This has often been postulated for food con- 
sumption in VMH-lesioned rats, but it had not been reported 
previously for fluid intake. Since these effects disappeared in 
the second hour of measurement, they are apparently only 
transient. 

Although MIF-1 tended to act in the same way that 
naloxone did in this test, it produced no statistical signifi- 
cance. This was also found for food intake in a previous 
study in VMH-lesioned rats, but only one dose of MIF-1 was 
tested [11]. The inverted-U dose-response relationship was 
first described for peptides with MIF-1 [12]. This is the rea- 
son we tested three doses of MIF-1 in this study. Neverthe- 
less, these findings indicate the possibility that MIF-1 did, 
indeed, have some opiate antagonistic properties under these 
circumstances and that with less variability than 
encountered here, it would have effects more similar to those 
of naloxone, as was found in the other studies [4, 7, 8, 11, 16, 
17, 22-25]. These results do not rule out the possibility that 
MIF-1 might function as an endogenous antagonist for the 
drinking response. 
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DIXSON, A. F. Proceptive displays of the female common n armoset (Callithrix jacchus): Effects of ovariectomy and 
oestradiol 178. PHYSIOL BEHAV 36 (5) 971-973, 1986.—Proce >tivity in the common marmoset consisted of brief periods 
when females remained with body and limbs immobile (IM) or crouched, and then stared, lipsmacked and tongue-flicked at 
males. Treatment of ovariectomized females with oestradiol activated all these proceptive displays but did not influence the 


combinations in which they occurred during IM periods. 
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IN many mammals, females use proceptive displays to ini- 
tiate or maintain sexual interactions [1]. When primate spe- 
cies are pair-tested in the laboratory, the restricted space 
available, larger size or more ‘“‘dominant”’ status of the male 
partner may all influence proceptivity [9, 11, 12]. These fac- 
tors are less important in laboratory studies of the common 
marmoset, a small (300-400 g) New World monkey in which 
the sexes are of equal size and normally form a ‘‘pair bond.” 
Female marmosets use a proceptive ‘‘tongue-flicking’’ dis- 
play which is influenced by ovarian hormones [3, 4, 6]. 
However, proceptivity in the marmoset and other callitrichid 
primates may be more complex than currently realized, since 
a variety of behavioural patterns have been noted in sexual 
contexts, [2, 5, 10] but no studies of their hormonal control 
or importance in proceptivity are available. This report de- 
scribes effects of oestradiol upon various measurements of 
proceptivity and receptivity in ovariectomized marmosets. 


METHOD 


Nine male and nine ovariectomized female, sexually 
experienced, captive born, adult marmosets were used. The 
same partners were tested for 30 minute observation periods, 
two or three times per week, as described previously [3,5]. 
The nine pairs were given 10 mating tests in each of the 
following conditions: (1) no hormone, (2) females implanted 
subcutaneously with 2 silastic capsules containing oestradiol 
178 (known from previous work to produce peri-ovulatory 
plasma levels of the hormone [6]), and (3) after removal of 
oestradiol. For males, frequencies of attempted mounts, 
mounts and durations of post ejaculatory intervals were re- 
corded. It was found that proceptive females remain with 


body and limbs immobile for short (IM) periods, during 
which they may crouch (with limbs flexed), stare fixedly at 
the male (with eyes wide open and ear tufts folded back), 
tongue-flick or smack the lips together rapidly. The presence 
or absence of these patterns during each (IM) period was 
scored and the absolute frequencies of stares and tongue- 
flicks. The total time which females spent looking at their 
male partners was recorded during 8 tests in the oestradiol 
and post-oestradiol phases. Frequencies of female-initiated 
mounts, refusals of mounting attempts and terminations of 
mounts were scored. Females also tongue-flick during copu- 
lation (receptive tongue-flicking [4,6]). Frequencies of this 
pattern were recorded and the presence or absence of staring 
and lip-smacking during copulation. Statistics were per- 
formed on overall mean or median values calculated for each 
animal, firstly by means of a Friedman two way analysis of 
variance and then by the Wilcoxon test. Where the two sets 
of control data did not differ significantly they were com- 
bined for comparison with oestradiol-treatment. 


RESULTS 


Analysis of variance showed that significant changes oc- 
curred in frequencies of proceptive displays during the three 
phases of the experiment, due in each case to increased 
proceptivity during E, treatment (Wilcoxon test: T(9)=0, 
p<0.01; Fig. 1A). Oestradiol-treated females also spent 
longer ‘‘looking-at’’ their male partners (mean+s.e.m. 
88.7+24.2 vs. 27.6+6.5 seconds/test. Paired {-test: 
t(8)=3.369, p<0.01). The occurrence of tongue-flicking, 
lipsmacking and staring during copulation increased signifi- 
cantly when females received E, (p=0.01 or <0.01; Fig 1B). 
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FIG. 1. A. Mean (+s.e.m.) frequencies per test of proceptive display 
periods (body and limbs immobile: IM), tongue-flicks (T), lipsmacks 
(L), crouches (C) and stares (S) in ovariectomized marmosets before 
hormone treatment (open bars) and after treatment with oestradiol 
(closed bars). B. Mean (+s.e.m.) frequencies per test of female 
marmosets ‘‘receptive’’ tongue-flicks (per male mount: T/MT) and 
terminations of males’ mounting attempts (TE). The mean percent- 
age of males’ mounts during which females tongue-flick (T), 
lipsmack (L) and stare (S) are also shown before hormone treatment 
(open bars) after oestradiol (closed bars). *p=0.01; **p<0.01; Wil- 
coxon test. 
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FIG. 2. Mean percentage (+s.e.m.) of fifteen possible proceptive display “‘types’’ in ovariec- 
tomized marmosets before hormone treatment (open bars) and after treatment with oestradiol 
(closed bars). Combinations of behavioural patterns in each display type are shown on the 
horizontal axis: 1=tongue-flicks; 2=lipsmacks; 3=crouches and 4=stares. Further explanation 
is given in the text. 
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However, sexual receptivity, as reflected by female refusals 
Or mount terminations did not change significantly during 3 
phases of the experiment (Friedman test). Refusals occurred 
in only two females and although termination of mounts de- 
creased during oestradiol treatment (0.07+0.06 per test) 
when compared to the 2 control conditions (0.28+0.15 per 


test), analysis of variance indicated that differences between 
the three sets of data were not statistically significant. The 
probability that each of the four proceptive patterns (crouch- 
ing, staring, tongue-flicking or lipsmacking) would be pres- 
ent during IM periods showed marked differences. Consider- 
ing the E, treated phase of the experiment alone, Wilcoxon 
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tests showed that the probability that stares would occur 
during IM periods exceeded that of all other behavioural 
patterns (T=0, p<0.01 for each comparison), whereas 
probabilities for crouching and tongue-flicking did not differ 
(T=17, N=19, not significant) and both of these patterns 
exceeded lipsmacking in probability of occurrence (T=0, 
p<0.01). In theory female marmosets might have used the 
four proceptive patterns singly during IM periods or in var- 
ious combinations (two patterns together, etc.) to produce 15 
display types. However, only six of these types accounted 
for over 90% of all proceptive displays and no significant 
changes in frequencies of display types occurred as a result 
of E, treatment (Fig. 2). Stares occurred in all of the 6 most 
frequent display types, tongue-flicks in 4, crouches in 3 and 
lip smacks in only 2 of them. Relatively simple displays con- 
sisting of stares alone or coupled with a crouching posture or 
tongue-flicking accounted for just over 60% of all proceptive 
displays (Fig. 2). 

No significant changes in frequencies of mounting at- 
tempts, mounts, ejaculations or median duration of the 
post-ejaculatory interval occurred throughout the control 
and E, treated phases. However, the proportion of mounts 
initiated by females did vary significantly and increased from 
a mean of 39.1+ 9.4% per test during the two control series 
to 72.7+7.3% after E, (T=0, N=9, p<0.01). Considering the 
data for E, treatment alone, the 9 females initiated a total of 
207 mounts, 205 or which occurred after the 6 most frequent 
display types shown in Fig. 2. The effectiveness of the six 
display types as initiators of mounting behaviour did not 
correlate in simple fashion with the frequencies of their oc- 
currences (Spearman rank coefficient: rs=0.2, not signifi- 
cant). Chi? analysis showed observed (0) versus expected (E) 


frequencies of mounts in response to the 6 display types 
varied in a significant manner, Chi*(5)=30.43, p<0.005. 
Males mounted more frequently than expected in response 
to crouch and stare displays (0=71, E=51, Chi*(1)=10.43, 
p<0.005) and tongue-flick + lipsmack + crouch + stare dis- 
plays (0=36, E=26, Chi*(1)=4.404, p<0.05), and less fre- 
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quently if the display consisted of staring + tongue-flicking 
(0=17, E=43, Chi*(1)=19.89, p<0.005). 


DISCUSSION 


The present study shows that in the common marmoset, 
oestradiol 178 activates a number of behavioural patterns 
which serve as proceptive displays. However, females con- 
tinue to combine these displays in the same specific ways 
after oestradiol treatment. Thus, although proceptivity in- 
creases, this is not due to the emergence of unique combina- 
tions of displays or of new behavioural patterns. Data indi- 
cating that male marmosets respond preferentially to certain 
combinations of displays should be viewed with caution. 
Only the display immediately preceeding a mounting attempt 
was scored as initiating the sexual interaction. However, 
females frequently exhibit a series of displays and the series 
as a whole may affect the male’s sexual arousal. 

It is probable that oestrogen and progesterone regulate 
proceptivity in female marmosets by acting centrally [3, 4, 
6]. Recent work on the rhesus monkey also indicates that 
ovarian hormones may have more direct effects upon 
proceptivity than previously realized [9, 11, 12, 13]. In the 
marmoset, neural priming with oestradiol is required to ob- 
tain facilitation of proceptive tongue-flicking behaviour by 
luteinizing hormone releasing hormone [7], just as in the 
facilitation of lordosis by LHRH in the rat [8]. Since it is now 
clear that oestradiol activates a variety of proceptive pat- 
terns in the marmoset, it will be important to consider these 
in future studies of neuroendocrine mechanisms and sexual 
behaviour. 
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PERIS, J. AND C. L. CUNNINGHAM. Heart rate response to shock delivered via different implanted electrodes. 
PHYSIOL BEHAV 36(5) 975-977, 1986.—The heart rate reaction elicited by electric shock was studied in rats stimulated 
via implanted electrodes that were placed entirely beneath the skin (subcutaneous electrodes) or were passed under and 
through the skin (cutaneous electrodes). Cutaneous shock elicited greater cardioaccelerations than subcutaneous shock 
except at very low intensities. This finding may help to explain differences in conditioned heart rate responses when these 


two types of electrodes are used to deliver shock stimuli. 
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ELECTRIC shock has long been a popular source of aver- 
sive stimulation in animal research. Its physical charac- 
teristics (e.g., amplitude, duration, frequency) are readily 
specified and controlled. However, at the same time, differ- 
ences in the method used to apply shock can lead to wide 
variations in its behavioral effects [1, 2, 4, 8]. Generally 
speaking, there are two main techniques for applying a shock 
stimulus to an organism—via contact electrodes or via im- 
planted electrodes. Contact electrodes connect the terminals 
of the shock source to the external surface of the skin in a 
non-fixed manner (e.g., grid bars) such that the subject can 
alter the amount of contact between the electrodes and the 
skin. Since implanted electrodes are inserted through or be- 
neath the skin, they are in continuous contact with the 
animal. Although they are usually more difficult to apply, 
implanted electrodes are generally preferred over contact 
electrodes because they minimize the potential effect of the 
subject’s behavior on the delivery of the electrical stimulus. 

The study described here was primarily concerned with 
the response elicited by two kinds of implanted electrode. 
The electrodes were constructed identically (loops of stain- 
less steel wire) and were implanted in approximately the 
same anatomical location. In one case, the wire loops were 
passed only through subcutaneous tissue and the wire leads 
were insulated where they exited from the skin. In the other 
case, however, the loops went under and over the skin with- 
out insulation. Although both kinds of electrodes have been 
used and referred to as ‘‘subcutaneous,”’ there are good rea- 
sons for expecting that a given shock delivered through each 





type will have different behavioral/physiological effects. 
Evidence from our laboratory [6] indicates that subcutane- 
ous shocks of some intensities are not effective in establish- 
ing conditioned heart rate responses even though cutaneous 
shocks of the same intensities are quite effective. The pres- 
ent study evaluated the differences in the unconditioned 
heart rate response to brief shocks delivered via each type of 
electrode. 


METHOD 
Subjects 


The subjects were 15 male Sprague-Dawley albino rats 
with a mean weight of 407 g. They were individually housed 
in a colony room with a normal 12-hr light-dark cycle and 
provided with food and water ad lib except during testing. 
Test sessions occurred during the light portion of the cycle. 


Surgical Procedure 


Three days before testing, each rat was injected with at- 
ropine hydrosulfate (0.3 mg/kg, IM) and 10 min later was 
anesthetized with sodium pentobarbital (50 mg/kg, IP). Four 
electrodes (two cutaneous and two subcutaneous) were then 
surgically implanted in each rat under antiseptic conditions. 
Both types of electrodes consisted of six loops of stainless 
steel suture wire (36 ga) attached to a solderless connector. 
The two subcutaneous electrodes were implanted in the 
superficial muscles: one electrode was located dorsally, ap- 
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FIG. 1. Mean heart rate changes (+SEM) occurring 2 sec after pre- 
sentations of subcutaneous and cutaneous shock of 14 intensities. 


proximately 3 cm below and to the right of the base of the 
skull and the other electrode was located ventrally, approx- 
imately 1 cm rostral to the left foreleg. Polyethylene tubing 
(Intramedic, No. PE100) insulated the electrode tails as they 
passed through the skin. The two cutaneous electrodes were 
placed through the skin near each of the subcutaneous elec- 
trodes such that the two types of electrodes could not touch 
even with extreme animal movement. Finally, each rat was 
fitted with a “‘saddle’’ [7] that permitted either set of elec- 
trodes to be attached to the stimulating and recording 
equipment. 


Apparatus 


Animals were tested in a clear plastic cage (23x 20.521 
cm) placed in a ventilated, sound-attenuating chamber 
(505245 cm). The electrodes were clipped to the saddle 
and connected via a protected wire ‘‘leash’’ to a swivel de- 
vice [3] in the ceiling of the plastic cage. The EKG signal was 
fed into a special-purpose quick-recovering amplifier [5] 
whose output went to a Schmitt trigger. The trigger was 
adjusted so that each R-wave produced a digital computer 
input signal. A PDP8/F computer timed and recorded inter- 
beat intervals (20 msec resolution). 

Shocks were provided by the unscrambled output of a 
Grason-Stadler shock generator (E1064GS). This shock 
generator provided a fixed AC voltage source (350 V) in 
series with a variable resistance. Current was manipulated 
by varying the resistance in series with the rat. The nominal 
current values used in this study were based on a hypotheti- 
cal rat with a resistance of 20 kX. The current values were: 0, 
0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8, 2.0, 2.5, 3.0, and 4.0 
mA. Heart rate was recorded and shock was delivered 
through the same electodes and a relay switched out the 
heart rate amplifier during shock. 


Procedure 


Rats were randomly assigned to two groups, one in which 
the cutaneous electrodes were used to deliver shock 
(Cutaneous Group, n=7) and one in which the subcutaneous 
electrodes were used (Subcutaneous Group, n=8). A 
between-subjects design was chosen in order to eliminate the 
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possibility that nonspecific effects of shock delivered via 
one type of electrode would interfere with or obscure meas- 
urement of the direct response to shock delivered by the 
other type of electrode. For example, if shock delivered by 
one type of electrode was more aversive, it might produce a 
general increase in arousal that could alter the reactions to 
subsequent shocks regardless of differences in electrode 
type. 

All rats received two sessions of shock exposure approx- 
imately 24 hr apart. Each of these sessions began with a 
10-min adaptation period after which the shock presentations 
began. Each shock intensity was presented for 0.5 sec, twice 
per session. There were 28 shock exposures per session. The 
14 different intensities occurred in a semi-random order that 
roughly balanced the average intensity of shocks received 
during each half of each session. Animals from the two 
groups were matched for order of shock intensity presenta- 
tions and each matched pair received a unique sequence in 
each session. The interval between shocks averaged 165 sec 
(range: 75-255 sec), a sufficient time for baseline heart rate 
to return to normal. 

Interbeat intervals were evaluated during a_ 12-sec 
preshock period and a 2-sec postshock period (commencing 
1.5 sec after each shock offset). The 2-sec postshock period 
was chosen since the greatest change in heart rate occurred 
during that time. The average interval for each period was 
converted to beats per minute (bpm), ignoring any intervals 
converting to a heart rate greater than 700 bpm, less than 200 
bpm or different by more than 60 bpm from the last beat. 
These types of signals are usually indicative of noise rather 
than a true heart beat. Preshock heart rate was subtracted 
from postshock heart rate for each shock presentation and 
these change scores were averaged over the four exposures 
to each shock intensity. 


RESULTS 


The mean change in heart rate at each level of shock 
intensity is graphed in Fig. 1 for both groups (Cutaneous and 
Subcutaneous). As can be seen, heart rate generally in- 
creased as shock intensity increased. Moreover, the mag- 
nitude of responding was generally greater in the Cutaneous 
Group. 

A 2x14 analysis of variance was run on these data using 
electrode type as a between-group variable and shock inten- 
sity as a within-group variable. There were significant main 
effects for electrode type, F(1,13)=12.1, and shock intensity, 
F(13,169)=27.2, and a significant electrode type x intensity 
interaction, F(13,169)=2.6; all ps<0.05. Followup f-tests 
(two-tail) between groups supported the conclusion that the 
heart rate responses to the two types of electrodes were 
generally more different at the higher intensities of shock 
than at the lower intensities. 

In addition, directional t-tests were performed to deter- 
mine which shock intensities produced significant heart rate 
accelerations (i.e., change scores greater than zero). 
Cutaneous shock significantly increased heart rate at all in- 
tensities except 0.0 and 0.2 mA, whereas subcutaneous 
shock produced significant accelerations only at 1.8 mA and 
above 2.0 mA. The average preshock heart rate was 332 bpm 
in each group. 


DISCUSSION 


Shock delivered through cutaneous electrodes produced 
greater cardioaccelerations than did shock delivered through 
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subcutaneous electrodes except at very low intensities. The 
weakest cutaneous shock that elicited heart rate acceleration 
greater than zero was 0.4 mA, while the lowest subcutaneous 
shock eliciting significant acceleration was 1.8 mA. The ab- 
sence of a difference at low intensities may be indicative of 
subthreshold stimulation of both subcutaneous and cutane- 
ous nociceptors. 

This outcome is consistent with our previous inability to 
elicit conditioned heart rate responses using a 1.3 mA sub- 
cutaneous shock and with our success using a cutaneous 
shock of a similar magnitude [6]. One possible explanation of 
this effect is that cutaneous nociceptors are oriented towards 
external body surfaces and/or are more sensitive [2]. It is 
also possible that differences in electrical resistances and 
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surface areas contacted by cutaneous and subcutaneous tis- 
sue produce differences in current density through each kind 
of tissue. The present study suggests that cutaneous im- 
planted electrodes may represent the best choice when one 
wants both the advantages of an implanted electrode (e.g., 
constancy of stimulation; less opportunity for escape behav- 
iors) and the quality and magnitude of behavior/physiological 
responses elicited by shock through a contact electrode. 
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YOKOGOSHI, H., C. L. THEALL AND R. J. WURTMAN. Selection of dietary protein and carbohydrate by rats: 
Changes with maturation. PHYSIOL BEHAV 36(5) 979-982, 1986.—Weaning (21-day-old; 40-50 g) male rats given 
simultaneous access to two foods, containing 18% casein and 15 or 70% carbohydrate (dextrin), tended to consume only 
29-35% as much protein as carbohydrate (i.e., protein/carbohydrate ratios were 0.29-0.35). With maturation, when animals 
weighed 100 g or more, about half continued this pattern of nutrient choice, but the others abruptly began to consume 
considerably larger proportions of protein, exhibiting protein/carbohydrate ratios as high as 0.80—-1.00. Each adult animal’s 
protein/carbohydrate ratio tended to vary only slightly (s.e.=3% of means). Adult protein/carbohydrate ratios were not 
correlated with fasting brain S-HT or 5-HIAA levels. These marked differences among rats in eating behavior would not be 
observed when—as is usually the case—animals are given access to only one diet. 


Protein/carbohydrate ratio Food intake Maturation 


Serotonin Rat Aging Food-selection 





WHEN rats are allowed to choose their food from among 
two or more food pans, available concurrently, containing 
diet mixes that differ in their concentrations of protein [1, 2, 
10} or carbohydrate [14,15] or both [11,12], the animals 
behave in a manner suggesting the ability to regulate their 
consumption of both nutrients. The net proportions of 
protein and carbohydrate eaten each day by groups of 200 g 
male rats tend to vary over a narrow range (with typical 
protein/carbohydrate ratios of 0.30-0.43 [12]), and the 
day-to-day variability exhibited by such groups is small. The 
mechanism mediating this phenomenon is independent of the 
sweetness of the carbohydrate used in the test diets, and 
probably involves an insulin-mediated metabolic effect, i.e., 
the tendency of dietary carbohydrates to increase brain 
serotonin levels by changing plasma amino acid patterns, 
and of dietary proteins to block this rise [3—6, 17]. 

Drugs which, like carbohydrate meals, presumably in- 
crease the amounts of serotonin within brain synapses cause 
animals to choose to eat less carbohydrate and more protein 
[14]; a carbohydrate pre-meal has similar [9] effects and a 
protein pre-meal opposite [8] effects. Presumably the rat’s 
brain instructs it to eat from the particular food pan whose 
nutrient content, as shown by prior experience, is most 
likely to bring brain serotonin levels back to their baseline, 
after the preceding meal has raised or lowered these levels. 
Drugs like d-fenfluramine (lsomerid) that release brain 
serotonin also suppress carbohydrate by carbohydrate- 
craving obese humans [16]. It remains obscure whether or 
not particular internal sensations accompany the human’s or 





rat’s decision to choose a food based on its nutrient content 
and not on the sensory signals it generates. 

In examining data on nutrient choice among individual 
animals, we were suprised to note that, even though group 
means for protein/carbohydrate ratios tended to be similar 
from experiment to experiment, considerable variation 
existed among individual animals in the proportions of 
protein and carbohydrate that they chose to eat. The present 
report describes this variation and its relationship to matura- 
tion. 


METHOD 
Animals and Diets 


Male Sprague-Dawley rats initially weighing 160-180 g, 
or, in one study, 40 g (Charles River Breeding Laboratories, 
Wilmington, MA) were housed in single cages within light- 
proof cubicles. Animals were allowed to acclimate to the 
housing environment and the test diets for one week prior to 
the start of an experiment. Lights (Vita-lite, Duro-Test 
Corp., North Bergen, NJ) were on from 2400 hr to 1200 hr. 
Automatic watering devices were provided at the rear of the 
cages. Room temperature was maintained at 22°C. 

Test diets contained either 15% or 70% of a non-sweet 
carbohydrate (dextrin; Amaizo PEP starch), and 18% 
vitamin-free casein, 4% Rogers-Harper mineral mixture, and 
2.2% of an ICN formulation vitamin mixture (Bio-Serv, Inc., 
Frenchtown, NJ). The 15% carbohydrate diet also contained 
29% vegetable shortening fat (CRISCO, Proctor & Gamble, 


Present address: Laboratory of Nutritional Biochemistry, Department of Agricultural Chemistry, Nagoya University, Nagoya 464, Japan. 
*Requests for reprints should be addressed to Dr. R. J. Wurtman, Room E25-604, Massachusetts Institute of Technology, Cambridge, MA 


02139. 





YOKOGOSHI, THEALL AND WURTMAN 


12 DAY AVERAGE PROTEIN/ CARBOHYDRATE RATIO 
‘aii 
0.8 4 
0.74 


0.64 


P/C RATIO 


































































































a 3 8 7 C2 Ou e oe 5S 
ANIMAL NUMBER 


FIG. 1. Average daily protein/carbohydrate ratios exhibited by male 
Sprague-Dawley rats (230 g). Animals had ad lib access to food 
pans containing 15% or 70% carbohydrate (dextrin) and 18% protein. 


Bars with different letter superscripts (a-g) differ significantly 
(p<0.05) by the Tukey test [7]. 
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FIG. 2. Changes in individual protein/carbohydrate ratios with aging. Weanling rats (21-day old) 
were given access until day 50 or thereafter, ad lib, to the two test diets. Data indicate the 
protein/carbohydrate ratio chosen by individual animals when their body weight fell within each 
of the 20-g ranges. (All data are plotted indicating that the individual animals weighed an amount 
equal to the midpoint of the 20-g range. Not all points are plotted at the lower weights, since the 
points tended to be bunched at these weights.) Numbers of individual animals are indicated in 
parentheses. The equation for the best-fitting line is: Y=0.00126X + 0.22, the (p<0.05). 
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Cincinnati, OH) and 32% cellulose fiber; the 70% carbo- 
hydrate diet contained 4.7% vegetable fat and 1% fiber. Diets 
were mixed to contain 35% dry ingredients plus 65% agar- 
water solution (5%); they were then allowed to set and were 
stored in a 40°C cold room. Animals were given access to the 
two diets concurrently, ad lib; food pans were weighed and 
fresh diets provided between 0900 hr and 1200 hr daily, at 
which time the positions of the food cups in the cages were 
also alternated, and the animals were weighed. 

Fifteen rats were offered the 15% and 70% carbohydrate 
diets (protein/carbohydrate ratios of 1.2 and 0.26) for a 
one-week acclimation period. Food intake was then meas- 
ured daily on days 7-19, and the protein/carbohydrate ratios 
calculated. On the twentieth day rats were fasted from 0900 
hr to 1500 hr and decapitated at 1500 hr (dark); the fact that 
they were then in the fasting state was confirmed by inspect- 
ing the contents of their stomachs. Brains were immediately 
removed, frozen in dry ice, and stored at —70°C until as- 
sayed for serotonin (SHT) and _ its metabolite 
5-hydroxyindoleacetic acid (SHIAA) [13]. In a related study, 
designed to determine whether fasting brain SHT and SHIAA 
levels were influenced by the nutrient content of the meal 
last eaten, 21 additional animals were killed after having ac- 
cess to the diet pairs for 20 days, and then being allowed to 
eat only one of the diets (15% or 70% carbohydrate) for the 
next 5 days. Brains were removed and assayed as above. 

To examine the development of inter-animal differences 
in nutrient choice, forty-two weanling rats (21-days-old) 
weighing 40-50 g were offered the diet pairs until 45 or 50 
days of age. Some were given access to the diets for an 
additional 20 days before sacrifice. Brains were removed and 
analyzed as above. 


Statistical Significance 


The statistical significance of differences between values 
was determined by one way ANOVA, 2-factor ANOVA or 
split-plot repeated measures ANOVA. 


RESULTS 
Elective Protein and Carbohydrate Intakes by Adult Rats 


The protein/carbohydrate ratios of the foods consumed 
each day—for 12 test days—by the adult rats varied between 
0.29 + 0.03 to 0.85 + 0.03 (Fig. 1). About half of the animals 
exhibited protein/carbohydrate ratios within a fairly narrow 
range of 0.34-0.45. Each animal’s protein/carbohydrate ratio 
varied little: standard errors tended to equal 3% of each 
animal’s mean. 

We were unable to demonstrate significant correlations 
between each animal’s dietary protein/carbohydrate ratio 
and its fasting (5 hr) brain levels of 5-HT, 5-HIAA, or the 
summed 5-hydroxyindoles, using data from individual exper- 
iments or pooling the data from the 78 rats. 


Changes in Protein and Carbohydrate Intakes with Age 


Weanling (21-day-old) rats were given ad lib access to the 
15% and 70% carbohydrate diets. Animals were weighed 
daily, and the protein/carbohydrate ratios for animals 
weighing 40-60 g, 60-80 g, 80-100 g, and so forth were 
grouped, plotted individually (Fig. 2), and averaged. 
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Until rats weighed 100 g, virtually all exhibited 
protein/carbohydrate ratios in a narrow range (0.29-0.35, 
N=71; Fig. 2). Thereafter, animals showed considerable var- 
iation: about half remained within this low 
protein/carbohydrate range while the others chose among 
the two food pans such that protein/carbohydrate ratios were 
as high as 0.43-1.00. The mean protein/carbohydrate ratio 
tended to increase with the weight of the animals, as shown 
by one-way ANOVA (Fig. 2), F=3.48, [52,194], p<0.05. 


DISCUSSION 


These data show that, while virtually all young male rats 
(21-day-old) choose to consume similar and characteristic 
proportions of protein and carbohydrate (Fig. 2), animals 
diverge sharply with maturation (Figs. | and 2). Many 
thereafter choose considerably more protein in relation to 
carbohydrate, while many retain the juvenile pattern. The 
relationship, if any, between this changing pattern of nutrient 
choice and sexual maturation awaits exploration. 

When we first noted the great variability in 
protein/carbohydrate ratios among adult animals, we hy- 
pothesized that it might derive from differences in the release 
or actions of brain serotonin. (This hypothesis was based on 
published evidence that the proportions of carbohydrate and 
protein in meal can affect the synthesis and release of the 
neurotransmitters [5], and that these changes can, in turn, 
influence subsequent feeding behavior [1,14].) For this rea- 
son, we attempted to correlate each animal’s brain serotonin 
level, or that of its metabolite, 5-HIAA, with its nutrient- 
choice pattern (protein/carbohydrate ratio). No such corre- 
lations were observed among our test animals, suggesting 
that other, non-serotoninergic, brain neurons may provide 
the ‘‘set-point’’ around which changes in serotonin release 
are allowed to affect subsequent nutrient choice. 

Our data are insufficient to determine whether all male 
Sprague-Dawley rats ultimately develop. the high 
protein/carbohydrate ratios characteristic of some mature 
animals, or whether those exhibiting low, juvenile ratios 
when they weigh 260-280 g (i.e., the highest weight for which 
measurements were made) would continue to exhibit them 
throughout their life span. If the latter possibility is the cor- 
rect one, it suggests considerable genetic variability in the 
brain mechanisms underlying nu‘rient choice. Such variabil- 
ity would not be surprising; laboratory animals are usually 
given only a single food, with a fixed protein/carbohydrate 
ratio (e.g., protein/carbohydrate=0.43 in chow); hence no 
selection pressures have favored Sprague-Dawley rats with 
high or low protein/carbohydrate ratios. 

Our observations indicate that investigators wishing to 
examine the effect of various treatments on nutrient choice 
would be well-advised to screen their test animals in ad- 
vance, and separate those with high and low pre treatment 
protein/carbohydrate ratios. 
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FUREDY, J. J., D. L. SHULHAN AND H. SCHER. Effects of electrode placement on direction of T-wave amplitude 
changes in psychophysiological studies. PHYSIOL BEHAV 36(5) 983-986, 1986.—Psychophysiological studies, which 
measure small changes in T-wave amplitude (TWA) induced by behavioral manipulations, usually employ a single electrode 
placement for obtaining the ECG. The present study varied electrode placement (EP) within subjects among three EPs that 
have been reported in the literature (a lead-II limb placement, and two chest placements) to determine whether, as has been 
claimed, the direction of TWA changes can be changed by varying EP. Both HR and TWA were monitored in 24 males 
during the Baseline, Listen, and Task phases of an iterative subtraction task. The EP variation did not affect the direction of 


TWA change. Reliable TWA attenuation accompanied by HR acceleration was observed in all leads. 


TWA HR Electrode placements 


Task elicited TWA attenuation 





THE T-wave component of the electrocardiogram (ECG) 
reflects ventricular repolarization. Cardiologists observe 
large changes in this ECG function as an index of myocardial 
abnormalities. There are usually 12 electrode placements 
(EPs) in standard anatomical positions, and the analysis is of 
the contours of the different waves in these electrocardio- 
graphic leads in order to detect serious abnormalities of the 
heart muscle [5]. In addition, there are also observations of 
changes in T-wave amplitude (TWA) to manipulations like 
the exercise stress test. However, not only the extent of 
these changes, but even their direction (generally attenua- 
tion), is not completely invariant across the standard EPs in 
all subjects [6]. More generally, the T-wave varies more as a 
function of electrode placement than any other electrocar- 
diographic parameter ({11], p. 290). 

Psychophysiological studies of the T-wave component 
began with the work of Matyas and his associates (e.g., [9]). 
The TWA attenuations observed are small, being induced by 
such behavioral experimental manipulations as biofeedback 
(e.g., [9]), anticipatory stress (e.g., [10]), and mental effort 
(e.g., [12]). Moreover, the effect of EP on these TWA 
changes has not been systematically studied in any one ex- 
periment because, for reasons of convenience, these 
psychophysiological studies have used only one limb or 
(nonstandard) chest lead (e.g., [1, 2, 8, 9, 12]). 

The direction of TWA changes to these behavioral ma- 
nipulations has uniformly been attenuative across studies 
and EPs. A view that is contrary to this constancy-of-direc- 
tion claim for psychophysiological studies (see, e.g., [7]) is 
that if ‘‘TWA attenuation occurs in’’ one lead, ‘““TWA aug- 


mentation is likely to occur’’ in another lead ({13], p. 697). 
In this paper we report data relevant to the constancy-of- 
direction issue from a study which used a within-subject ar- 
rangement in which changes were recorded at each EP from 
each subject while performing an iterative subtraction task 
(which produces heart-rate (HR) acceleration). In this 
multiple-lead arrangement, one EP was a LIMB (lead-II) 
placement used by Matyas and King [9}, while the other two 
EPs were (unstandardized) chest placements which have been 
used in the Toronto laboratory and reported either in the 
journal-article (CHEST 1: e.g., [8,12]) or conference- 
abstract (CHEST 2: [3]) literature. 


METHOD 


The subjects were 24 male volunteers from the University 
of Toronto with ages ranging from 19-32 (mean=24.5), re- 
cruited for $7.00 each. This amount included payment for 
participation in a fitness test, the results of which will not be 
reported here. The HR and ECG were recorded and dis- 
played on and E & M Physiograph (Model Four-A). The 
recording electrodes were Narco Ag/AgCl used in conjunc- 
tion with ECG electric paste. To ensure good contact, the 
surface of the skin at the electrode site was shaved, lightly 
abraded, and cleansed with alcohol. 

The HR quantification was fully computerized with the 
aid of an 8-bit North Star micro (Model Z80) which measured 
successive interbeat intervals (IBIs). Backup data for HR 
was also available from hard copy analogue with the chart 
paper moving at | cm per sec, and the IBIs being converted 
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FIG. 1. Mean TWA for 24 subjects during baseline, listening, and 
task periods as a function of task difficulty and of electrode place- 
ment (see LIMB, CHEST 1, and CHEST 2 panels). 


on each beat to HR by an E & M Biotachometer (Model 
BT-1200). The conversion from IBI to HR followed the pro- 
gram suggested by Graham [4]. The TWA quantification was 
semi-computerized. Initially the electro-cardiographic signal 
passed through a high gain preamplifier (E & M Instruments) 
which had an adjustable gain from 100 1 V/mm to 100 uw V/cm. 
For each subject the gain was set to produce a large TWA (10 
mm-+) to permit detection of small, sub-clinical (less than 50 
wv) changes in TWA. The TWA was measured from the 
mid-point of the isoelectric P-Q interval as the base referent, 
following the method used both by Matyas (e.g., [9]) and by 
the Toronto lab (e.g., [8]). However, the measurement was 
done with a set of calipers permitting accuracy to the nearest 
1/10 mm. The caliper position at each reading was fed into 
the micro, stored on a disc, and later converted by a com- 
puter program to TWA in pV. 

After the subject had signed the consent form, the seven 
electrodes necessary to obtain the different EP results were 
attached. The LIMB lead used active placements at the right 
wrist (negative) and left ankle (positive), with the left wrist as 
ground, following Matyas and King [9]. The CHEST 1 con- 
figuration employed the right (negative) and left (positive) 
lower rib as active placements, and the left neck as ground 
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FIG. 2. Mean HR for 24 subjects during baseline, listening, and task 
periods as a function of task difficulty and of electrode placement 
(with the latter factor being a dummy variable). 


following Heslegrave and Furedy [8]. For the other chest 
configuration [3], an electrode was placed on the sternum to 
serve as a negative placement with left and right lower rib 
placements serving as the positive and ground respectively. 
Following EP attachment, the experimenter administered 
some mood scales assessing anxiety and hostility, and a 
pencil-and-paper subtraction test (number of single-digit- 
from-double-digit subtractions completed in one min); these 
behavioral results will not be presented here. 

During the experiment, each subject received 16 trials 
with intertrial intervals varying unsystematically between 
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35, 45, and 55 sec. The first four trials were designated prac- 
tice to allow familiarization with the procedure, and the sub- 
sequent analysis excluded these trials. The remaining trials 
of the experiment proper comprised three blocks of four 
trials (for the levels of the EP factor) within which there were 
two easy (E) and two hard (H) trials. Two random orders of 
12 trials were derived, with each level of the random order 
(RO) factor being given to half the subjects. Each trial was 
preceded by a 10-sec baseline phase, and began with a 5-sec 
listening phase during which the tape recorded numbers re- 
quired for the subsequent task were presented over the loud 
speaker, e.g., 83 (at sec 0) minus 7 (at sec 5). An im- 
mediately following task phase of 20 sec required the subject 
to iteratively subtract the second number (7 in the example) 
from the first number (83 in the example) at either a rate of 
four per trial (E) or ten per trial (H). The pacing was done by 
tape-recorded, 0.5-sec tones after each of which the subject 
had to give his answer (a best guess if necessary) im- 
mediately. The end of the trial was signaled by the word 
**stop.”’ The responses were tape recorded, and subjects 
were informed that this was to check on their performance. 

The time sampling for HR was second by second through- 
out; TWA was sampled every second only for the listening 
phase, every other second for the task phase, and seconds 3, 
6 and 9 for the baseline phase. 


RESULTS 


Because the TWA attenuation (and HR acceleration) ef- 
fects should emerge unambiguously, a conservative alpha 
rate of 0.01 was used for null hypothesis rejection in the 
ANOVAs to follow. 

The three panels in Fig. 1 show the mean TWA results for 


the three EPs, with Task Difficulty as the parameter. It is 
apparent that TWA was markedly larger in the CHEST 2 
lead than in the other two EPs, so separate ANOVAs (with 
the factors of Difficulty, Time, and Random Order) were 
performed. The task-elicited attenuation was present in all 
EPs, as indicated by the Time (seconds) effects for LIMB, 


F(9,198)=5.52, MSE=1409, CHEST 1, F(9,198)=6.51, 
MSE= 1375, and CHEST 2, F(9,198)=8.27, MSE=4977. 

No Difficulty or Difficulty x Time effects reached the 
0.01 level of significance, although there were some sugges- 
tive effects for Difficulty in the LIMB, F(1,22)=4.17, 
MSE=2191, and CHEST 1, F(1,22)=7.32, MSE=4058, 
leads, and a Difficulty x Time interaction, F(9,198)=2.14, 
MSE=898, in the CHEST 1 lead. Finally, as suggested by 
Fig. 1, in contrast to the clear attenuation effects during the 
task itself, there were clearly no Time effects during baseline 
or listening. 

For purposes of comparison, the HR data were also 
classified in terms of EP, although this, of course, was a 
dummy variable for HR. The mean HR results are shown in 
the three panels of Fig. 2. The ANOVA (EP x Difficulty x 
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Time x Random Order) showed no significant effects due to 
Time or Difficulty during the baseline phase, but during lis- 
tening, as suggested by Fig. 2, there was a significant HR 
acceleration, F(4,88)=34.68, MSE=417. Note also that this 
acceleration appears to be phasic to the extent that at the 
onset of the task period, HR returns towards baseline. The 
ANOVA during the task phase itself yielded significant ef- 
fects due to Time, F(19,418)=8.57, MSE=1166, Difficulty, 
F(1,418)=13.83, MSE=5113, and _ their interaction, 
F(19,418)=5.28, MSE=496. In short, the task produced HR 
acceleration, with both the final level of acceleration and the 
amount of acceleration during the phase being greater under 
the difficult- than the easy-task condition. although it is clear 
that the mean HR functions are not topographically identical 
in the three panels of Fig. 2. 


DISCUSSION 


The results of this within-subject, multi-lead experiment 
provided confirmation of the constancy-of-direction claim 
for TWA changes (see, e.g., [7]), because TWA clearly at- 
tenuated to the task in all three EPs. Of course there are 
other EPs which may not yield the same constancy in direc- 
tion, but insofar as the three EPs examined here are repre- 
sentative of previous psychophysiological studies, it appears 
that EP differences do not affect the attenuative direction of 
TWA changes elicited by the cognitive tasks of the sort em- 
ployed here. 

The joint measurement of TWA and HR allows some 
comparisons of the sensitivities of these two cardiac per- 
formance measures. One aspect of sensitivity is reactivity, 
and in this regard HR was markedly superior, because it 
clearly differentiated between the two task difficulty levels, 
whereas the difficulty effects in TWA were generally 
equivocal and not at all apparent in the CHEST 2 lead (which 
was also the lead used by Ginsberg et a/. [3], who obtained 
clear HR but equivocal TWA difficulty effects). 

However, another aspect of sensitivity is specificity, 
which is indexed by the extent to which a particular measure 
is specific to or differentiates between the process it is in- 
tended to measure and other similar but different processes. 
The specificity of TWA was superior to that of HR, inas- 
much as listening induced significant HR acceleration (Fig. 
2), but no TWA attenuation in any of the EPs (Fig. 1). So 
TWA, but not HR, differentiated between the task itself (op- 
eration) and the similar but different psychological process 
of listening (encoding). A similar TWA/HR pattern of results 
was reported by Heslegrave and Furedy [8]. 
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FANTINO, M. AND H. BRINNEL. Body weight set-point changes during the ovarian cycle: Experimental study of rats 
using hoarding behavior. PHYSIOL BEHAV 36(6) 991-996, 1986.—Body weight, food intake and food hoarding behavior 
were measured in 12 female rats fed ad lib and correlated with the ovarian cycle of each. All three parameters fluctuated 
synchronously, being minimal at estrus and maximal at diestrus. The hypothesis was then tested that these fluctuations 
result from cyclical oscillation of the body weight set-point entrained by the ovarian cycle, as previously proposed by 
others. The linear correlation between hoarding behavior and body weight was used to extrapolate the computed threshold 
of body weight at which hoarding behavior occurred at diestrus and at estrus; this threshold has already been shown to be a 
good index of the body weight set-point. The results indicated that the regression of hoarding behavior on body weight was 
virtually identical at estrus and diestrus (same slope), but the critical level of body weight for the onset of hoarding behavior 
was 31.2 g lower at estrus than at diestrus. This provides direct evidence in the rat of fluctuation of the body weight 


set-point with the ovarian cycle. 


Body weight regulation Set-point 


Hoarding behavior 


Ovarian cycle Food intake Rat 





CYCLICAL variations in food intake and body weight (BW) 
in females, synchronous with the ovarian cycle, have been 
well documented in humans [44], in monkeys [15,47] and in 
numerous rodents such as the rat [7,53], hamster [33,36], and 
guinea pig [14,15]. In all these species food intake and BW 
are minimal at estrus, increase, reach a maximum during 
diestrus, and then decrease until the next estrus. The de- 
pendence of these cycles on ovarian hormones is attested by 
their disappearance after ovariectomy and their restoration 
by appropriate hormonal treatment. Ovariectomy in adult 
female rats [29,53], mice [4, 42, 58] and hamsters [33] in- 
creases food intake and BW. Carcass analyses have indi- 
cated that BW changes represent changes in fat mass [20, 22, 
31, 42, 53], total protein and water content [21]. The weight 
gain induced by ovariectomy is prevented or reversed by 
injection of estradiol [29,53] or by unilateral implants of es- 
tradiol benzoate in the ventromedial hypothalamus [40,55]. 
It has been shown in several species that endogenous as well 
as exogenous estrogens have a suppressive effect on food 
intake [14,33] and BW [13]; this finding can explain why food 
intake and BW are minimal at estrus, when circulating es- 
tradiol is maximal [14, 15, 33, 36]. Injection of progesterone, 
alone, to ovariectomised rats has no effect on food intake or 
BW [5, 15, 54]. However, administration of progesterone to 
either estrogen-primed [22] or gonadally intact adult rats 
leads to an increase in both food intake and BW [54]. 
There is an extensive literature on the effects of estrogen 
on feeding behavior, but the relevance of these studies to the 


control of energy balance has yet to be fully established. 
According to Nance [38] there is a complete absence of any 
unifying consensus as to how estrogen modulates feeding 
behavior and body weight, and several hypotheses have 
been proposed. One hypothesis tested is that estrogens 
produce anorexia by directly affecting the mechanisms that 
normally terminate meals. It has been suggested that estro- 
gen promotes the effectiveness of various peripheral short- 
term satiety signals by a trigeminal [3], pancreatic [2,23] 
and/or gastrointestinal action [2, 5, 32, 38, 54], or a direct 
action on the metabolism of adipocytes [54]. Numerous 
arguments, however, speak against this hypothesis [38,45]. 
Other authors have suggested that the effects of estrogen on 
feeding behavior result from a hormone-dependent shift in 
the long-term control of the energy balance, which fixes the 
level of regulated BW or fat mass. Redick et al. [46] were the 
first to suggest that estradiol does not suppress food intake 
directly, but dictates a low level of body weight. Such a 
mechanism would correspond to a shift-down of the set- 
point of body weight regulation and, as a consequence, feed- 
ing would be secondarily suppressed in animals which have 
excess weight, as a regulatory attempt to readjust BW to a 
lower regulated level. While this hypothesis has been re- 
peatedly evaluated [29,38] and strengthened by numerous 
experimental arguments, it has never been directly verified. 
Indeed, the very nature of the BW set-point is not known 
[37,52], so hormone-induced variations have never been di- 
rectly appreciated. 
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However, it has been proposed that an indirect way of 
evaluating the BW set-point in rats and its modifications is 
by studying food hoarding behavior (HB) during period of 
reduced BW [17, 18, 25, 27, 41, 51]. In nature in the wild, HB 
is a specific response in rodents, occurring mainly in 
autumn, and this response is useful in improving their long- 
term energy balance [1,30]. The laboratory rat, at least the 
male, does not hoard food when it is fed ad lib [17, 18, 25]. 
But, HB was shown to be specifically induced by food depri- 
vation [6, 35, 48, 50], provided there is a BW loss [24, 27, 41]. 
Herberg et al. have proposed that the critical BW at which 
rats began to hoard is an index of their defended BW, i.e., 
their ‘‘BW set-point’ [25,27]. This was confirmed by others 
[51] and for other rodents [41]. More recently, it was ob- 
served that, in female rats as well as in male, the mass of 
food pellets hoarded during extended three-hour experi- 
mental sessions increases when BW decreases, in such a 
way that HB is linked to BW by a significant linear correla- 
tion [17,18]. The intercept of the regression line with the BW 
axis (‘‘x’’ axis) indicates the theoretical value of BW for the 
onset of HB. It was shown that this computed threshold of 
BW is equal to the BW that the animal reaches when it is fed 
ad lib. Thus, this computed threshold of BW for HB provides 
an index of the physiological set-point of the BW regulation. 

In this work we have used hoarding behavior, especially 
the computed threshold of BW for HB, to determine and 
compare the body weight set-point of female rats during es- 
trus and at diestrus. 


METHOD 


Animals 


Twelve Sprague-Dawley gonadally intact female rats, 
weighing 296+7 g at the beginning of the experiment, were 
housed in individual cages (40x 4040 cm) fitted with a spe- 
cial dark shelter (12x 12x40 cm) used by the rats as a home. 
The animals were kept for 143 consecutive days under an 
artificial 12 hr:12 hr day-night cycle, with the light on at 
noon. Ambient temperature was regulated at 30+2°C. The 
rats had always free access to water. 


Ovarian Cycle 


The ovarian cycle of the rats was monitored by daily his- 
tological examination of vaginal smears. Vaginal cells were 
collected daily between 11 and 12 o'clock by lavage with 0.9 
percent sodium chloride and, after 24 hours drying at am- 
bient temperature, stained with methy] blue for microscopic 
examination. The proestrus state was inferred from the pres- 
ence of epithelial cells and the absence of polynuclear leuco- 
cytes; the estrus state from the presence of cornified epithe- 
lial cells and the absence of polynuclear leucocytes; the 
metestrus state from invasion of polynuclear leucocytes 
among cornified cells; the diestrus state from the exclusive 
presence of polynuclear leucocytes and epithelial cells. 


Food Availability and Body Weight 


The rats were weighed just before the vaginal smears 
were taken. Food for eating and hoarding consisted of cylin- 
drical pellets of lab chow, 10 mm in diameter and 10 to 25 
mm long, with a caloric density of 13.5 kJ/g. From day 1 to 
day 70 the rats had access to food ad lib, and HB was meas- 
ured daily. From day 45 to day 70 food intake was measured 
to the nearest 0.1 g after correction for waste. From day 71 
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Time (days) 
FIG. 1. Synchronous evolution of food intake, body weight and 
hoarding behavior in rat 1 during four consecutive ovarian cycles 
between day 45 and day 70, when the rat was fed ad lib. The filled 


circles indicate the day when an estrus state was detected on the 
vaginal smear. 


till the end (day 143) weight loss was induced by food re- 
striction in order to stimulate HB. From day 71 to day 90, the 
rats’ access to food was limited to the three-hour sessions of 
hoarding measurement every third day. From day 91 to day 
143, food hoarding was measured daily. The rats were 
allowed access to food for three hours a day, and this 
allowed full recovery of BW to pre-deprivation levels. 


Hoarding Measurement 


Hoarding behavior was measured exactly as by Fantino 
and Cabanac [17,18]. The mass of food pellets hoarded by 
each rat during the three-hour sessions from 12.00 to 15.00 
hours at the beginning of the darkness period was weighed. 
The food source consisted of a stock of pellets in a tray 
placed just outside the cage, the front wall of which was 
opened during the HB sessions. The rats had therefore to 
leave their familiar environment to reach the food, and they 
hoarded it in their dark shelter box, at 40 cm distance from 
the food source. 


Data Analysis 


During ad lib feeding the ovarian cycles were not all syn- 
chronous. Measurements of BW, HB and food intake during 
ad lib feeding were therefore averaged for each of the four 
ovarian states. Scores at estrus were compared with scores 
at proestrus, metestrus and diestrus by means of Wilcoxon 
rank signed matched-pairs test. 

Data collected during the period of low BW were 
analysed by computing the linear correlation between HB 
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and BW for each animal. regardless of ovarian state. Sepa- 
rate regression lines were then drawn to distinguish estrus 
scores from diestrus scores. Results for the whole group 
were calculated by averaging individual results, i.e., the 
slopes and the computed threshold of BW for the onset of 
HB. These parameters were compared, using the Wilcoxon 
rank signed matched-pairs test. 


RESULTS 
Ad Lib Feeding 


During the ad lib feeding period, from day | to 70, 11 of 
the 12 rats had ovarian cycles of 4 to 6 day periodicity. One 
rat ovulated only once during the whole experiment and was 
therefore excluded from the analysis of the results. The ele- 
ven ovulating rats showed typical oscillations of BW, food 
intake and HB, punctuated by estrus. These oscillations 
were synchronous for all rats. Figure 1 shows a typical 
example of these variables in rat 1 for four consecutive ovar- 
ian cycles. Food intake, BW and HB were minimal at estrus, 
increased on the following days and reached a maximum 
during diestrus. 

Figure 2 presents the mean values of BW, food intake and 
HB scores according to the ovarian state, computed for the 
whole group. The ovulatory cycles were those that took 
place during the ad lib feeding period (from day 1 to day 70). 
All measures were minimal on the estrus day, significantly 
increased on the following days, and were maximal two or 
three days later when the rats were in diestrus. All measures 
then decreased until the next estrus occurred. The mean 
amplitude of BW oscillation was 4.5 g, from 319.0+2.34 g at 
estrus to 323.9+2.48 g at peak value three days later. It was 


3 g for food intake, from 13.3+0.33 g to 16.2+0.38 g, corre- 
sponding to a 20% variation in food intake. HB was 
17.8+2.23 g/3 hr at estrus, presented a fivefold increase at 
diestrus, and reached 86.1+11.76 g/3 hr. 


Reduced Body Weight 


As soon as food restriction had induced weight loss, HB 
showed a very marked increase in the 12 rats. Even after 
pooling all the HB scores, independently the ovarian state, 
the amount of food hoarded was clearly proportional to the 
decrease in BW. In the 12 rats HB was linked to BW by a 
significant linear correlation. The computed threshold of BW 
for the onset of HB was not significantly different from the 
rats’ initial ad lib BW (367.3+ 12.85 g vs. 348.2+9.49 g; Wil- 
coxon matched-test: t=20; p>0.05). 

Vaginal smears indicated that the estrus cycle disap- 
peared in most of the rats from day 71, when food restriction 
induced a loss of body weight. Anestrus persisted in four 
animals until the end of the experiment. In the others, estrus 
reappeared during the refeeding period. Consequently, the 
computation of correlation between HB and BW correspond- 
ing to the estrus and the diestrus states could be carried out 
only for the eight rats that exhibited at least four consecutive 
ovarian cycles during this period. 

Table 1 presents the values of these linear correlations; 
Fig. 3 shows the mean correlations for the whole group. 
Except for one rat, all linear-correlations were significant 
both during estrus and diestrus. The mean slope of the line 
corresponding to the estrus states was virtually identical 
with the mean slope of the line corresponding to the diestrus 
states (—15.9+1.82 and —15.7+2.78 respectively; Wilcoxon 
matched-pairs test: p>0.05). But the computed threshold of 
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DAYS OF OVARIAN CYCLE 

FIG. 2. Mean values of BW, food intake and HB according to ovar- 

ian status in eleven rats that ovulated during the ad lib feeding 

period. The computation was done on 138 ovarian cycles altogether. 

0=estrus days (represented twice); 0—1=the day before estrus, 

corresponding to the proestrus state; 0+1=the day after estrus, 

corresponding to the metestrus state; 0+2 and 0+3=the days of 

diestrus (0+3) for ovarian cycles of five days). Except for food 

intake during proestrus, all values of the three parameters are signif- 

icantly different from corresponding values computed for estrus 
(***p<0.001; Wilcoxon Matched test). 





BW for HB, in all the animals without exception, was lower 
in females during estrus than in females during diestrus (from 
327.9+9.3 in estrus to 359.1+15.9 in diestrus; Wilcoxon test: 
n=8; T=0; p<0.001). 


DISCUSSION 
Body Weight Set-Point 


The present work confirms that food deprivation is the 
main stimulating factor of HB [6, 35, 48, 50, 51] and acts 
through BW loss [17, 18, 24, 25]. Indeed, when all the hoard- 
ing scores obtained in the food deprived female rats (what- 
ever their ovarian state) were pooled, HB was, in each case, 
linked to BW by a linear correlation, thus indicating that HB 
was proportional to the weight deficit suffered by the 
animals. A 20 percent BW loss produced a more than hun- 
dredfold increase of the rats’ HB. As in previous experi- 
ments [17,18], the HB onset value of BW was no different 
from the animals’ BW under ad lib feeding conditions. Since 
HB is a useful response for long-term energy balance [1,30], 
and since the set-point of a regulatory process can be defined 
as the critical level for the appearance of regulatory re- 
sponses [8,9], it may be concluded that the critical level of 
BW for the occurrence of HB gives a valuable estimation of 
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TABLE | 
PARAMETERS OF THE REGRESSION LINES OF BW AGAINST HB AT ESTRUS AND DIESTRUS 





Estrus 
Wo 


Diestrus 
Wo 





—20.66 
— 8.32 
— 9.82 
~17.11 320.6 
—23.08 291.8 
~~. 339.5 
— 16.82 354.4 
— 18.46 324.1 


— 15.93 327.9 
+1.816 + 9.39 


293.2 
366.7 
332.6 


—- Omen UWN 
RAAAAUD © 


—_— 


Mean 
+sem 


~17.23 
— 7.21 
— 11.43 
— 18.88 
—25.63 
— 9.16 
—27.43 365.3 
- 6.51 433.6 


— 15.69 359.1 
+2.78 +15.88 


321.2 
412.0 
334.2 
337.9 
302.7 
366.3 





Because food deprivation induced anestrus in almost all the rats, this tabie shows results 
obtaine? »nly on the 8 rats which exhibited at least four consecutive ovarian cycles during the 
food restriction period. n=number of points; a=slope of the regression lines; Wo=computed 
threshold of BW for HB deducted from the regression line; R=coefficient of correlation of the 
regression lines; sem=standard error of the mean. The threshold of BW for HB computed at 
estrus and at diestrus were signficiantly different (Wilcoxon matched-pair test, p<0.001), but 


the slopes were not. 


the set-point of BW regulation, as previously proposed by 
Herberg et al. [25,27]. Two complementary observations 
indicate that HB must be considered as a long-term regula- 
tory response, distinct from food intake: (1) the amount of 
food hoarded correlates better with BW loss than with the 
duration of short-term food deprivation [17,18]; (2) insulin 
injection increased short-term food intake, but did not stimu- 
late HB [49]. 


Ovarian Influence on Set-Point 


Landau and Zucker [29], Nance [38] and Wade [53] have 
reviewed and evaluated the hypothesis that estradiol lowers 
the set-point at which rats regulate their BW. According to 
their formulation, changes in food intake during the ovarian 
cycle, subsequent to ovariectomy, and during replacement 
treatment with estradiol, result from an attempt to attain a 
new body weight. This hypothesis was supported as well by 
results from Coling and Herberg [10], who have studied HB 
in female rats, but without using the food deprivation 
paradigm as we do. From the results we obtained on the 
eight female rats which continued to ovulate in spite of food 
deprivation, it may be concluded that the BW set-point was 
minimal at estrus, since on average 31.2 g lower than at dies- 
trus. As suggested by Coling and Herberg [10] and by Nyby 
and Thiessen [41], oscillations of BW set-point provide a 
logical explanation of the synchronous evolution of BW and 
HB during the ovarian cycle described in rodents [16,26]. 
Thus, in animals fed ad lib a single mechanism can explain 
the synchronous evolutions of food intake, HB and BW dur- 
ing the ovarian cycle according to the following sequence of 
events: (1) the rise of the BW set-point to a higher level after 
estrus induces a difference betweeen actual BW and its 
higher set-point; (2) this relative BW deficit increases food 
intake and produces HB in order to readjust BW to its higher 
set-point; (3) as a consequence, BW increases; (4) after dies- 
trus, the lowering of the BW set-point induces synchronous 
decrease of food intake, HB and BW. The hypothesis of the 
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FIG. 3. Mean regression of BW against HB computed at estrus and 
at diestrus for the eight rats which continued to ovulate during the 
food deprivation periods. 


oscillating set-point integrates and explains data that would 
otherwise be paradoxal, and oscillating set-points have been 
described in other fields of physiological regulation [12]. 
The dependence of the oscillations of the BW set-point on 
female sex hormones was confirmed by the disappearance of 
these oscillations in animals that ceased to have cyclical os- 
cillations of sex hormones due to pseudopregnancy. Coling 
and Herberg [10] have shown that oscillations of HB disap- 
peared after ovariectomy, while HB remained at a higher 
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level similar to the diestrus rate as long as the animals gained 
weight. These authors interpreted this result as indicating a 
permanent and progressive shift up of the BW set-point be- 
cause of the elimination of the estrogens by ovariectomy, 
and they showed that estrogen injections suppressed the 
stimulated HB, food intake and BW. The female sex hor- 
mone dependence also explains why male rats did not hoard 
food when fed ad lib but did so only when they had a BW 
deficit [26]. 

The slope of the linear regression computed between BW 
and HB indicated how much food the rat hoarded for each 
gram of BW loss. The remarkable constancy of the slopes 
computed at estrus and diestrus for the eight rats that con- 
tinued to ovulate during food deprivation (—15.9+1.82 g/g 
vs. —15.7+2.78 g/g) indicated that identical BW deficit ac- 
tivated hoarding responses of equal amplitude at estrus and 
diestrus. BW regulation may therefore be determined by the 
same means during estrus as during diestrus, except for the 
change in the BW set-point. 

Comparing the amplitude of food intake oscillations and 
BW oscillations it is clear that the BW oscillations cannot 
come only from variations in the body fat content. Body 
weight changes may further be partially due to modification 
of other compartments, especially fluid content [21]. This 
latter may vary with modification in the preference for water 
and sodium that is known also to be minimal at estrus 
[14,34]. 

The periodic shift-up of the set-point of BW regulation 
modulated by the ovarian cycle explains why HB is en- 
hanced in ad lib fed animals [16,26] during diestrus at a time 
when general unspecific activity and sexual activity are min- 
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imal [11,19]. Nesting behavior, which has some relevance to 
HB and ovarian activity, increases following estrus [28], as 
does HB. This underlines the specificity of such behaviors as 
anticipation of the future needs for gestation. HB and food 
intake will provide energy storage in the form of fat deposits 
inside the animal, or outside in the form of food stock. It 
must also be observed that estradiol-dependent oscillation is 
not limited to the set-point of BW regulation. It seems to be a 
general phenomenon for a regulatory process involving be- 
havioral adjustment such as temperate regulation [12,56], 
regulation of water content [14], sodium regulation [34] and 
other behavioral regulations involving sensory processes 
[43,57]. 

Wade suggested that estrogens may modify BW by direct 
peripheral action on adipocytes [54], but this hypothesis has 
been questioned [45]. Furthermore, a direct hypothalamic 
action of estrogens on feeding behaviors has been shown 
[40]. The present results do not exclude a possible satiating 
effect of estrogens. However, the independence of HB from 
short-term hunger signals speaks rather for an effect inde- 
pendent of satiety. Nicolaidis et al. [39] showed that the 
hypothalamus may contain specialized receptors whose me- 
tabolism may be similar to that of peripheral adipocytes. 
Such a hypothesis would reconcile the two theories. 
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CLARK, M. M. AND B. G. GALEF, JR. Postnatal effects on reproduction and maternal care in early- and late-maturing 
gerbils. PHYSIOL BEHAV 36(6) 997-1003, 1986.—In previous papers, we have identified a number of differences in both 
the reproductive profiles and patterns of maternal care shown by female gerbils exhibiting vaginal opening either before or 
after weaning. Early-maturing females delivered their first litters when younger, produced a greater percentage of female 
offspring/litter, and a greater percentage of early-maturing daughters than late-maturing females. Further, early-maturing 
females exhibited reduced levels of maternal care, as assessed by time spent nursing, time pups were gathered in the nest, 
and probability of retrieval of displaced young. In the present experiments, we found that equating age at first parity of 
early- and late-maturing females (Experiment 1) eliminated differences between them in pup gathering, but not in pup 
retrieval or nursing. Further, equating age at first parity affected neither sex-ratios of litters at birth nor rate of maturation 
of daughters. Equating litter size at birth, sex-ratio of litters at birth, and maternal age at first parturition (Experiment 2) 
eliminated differences in the nursing behavior of early- and late-maturing females and reduced differences in retrieval 
behavior, but left rate of maturation of daughters unaffected. Last (Experiment 3), both daughters born to early-maturing 
females, reared by late-maturing females, and daughters born to late-maturing females, reared by early-maturing females, 


exhibited rates of maturation typical of daughters reared by their natural mothers. 


Maternal age Litter size Fostering Sex ratio 


Puberty 





RESULTS of recent studies in our laboratory [2,3] have 
shown that age at vaginal opening is bimodally distributed in 
the strain of domesticated Mongolian gerbil (Meriones un- 
guiculatus) currently available in North America. Within a 
randomly-mated colony of domesticated gerbils maintained 
in a single colony room, we found both precocious females, 
exhibiting vaginal opening prior to reaching 23 days of age 
(mean=15.9+0.5 days), and late-developing females that 
failed to exhibit vaginal opening until they were more than 27 
days of age (mean=35.2+0.7 days) [2,3]. Review of the field 
literature indicates that accelerated puberty, as measured by 
weight at first pregnancy, occurs in free-living wild gerbils 
[16] as well as in domesticated gerbils (see [3] for discus- 
sion). 

In domesticated gerbils, unlike domesticated mice [8,9], 
age at vaginal opening is a predictor of subsequent repro- 
ductive and maternal behaviors [2,3]. We have found a 
highly significant positive correlation between age at vaginal 
opening and age at first parturition in laboratory-reared ger- 
bils [2]. Further, early-maturing female gerbils first re- 
produced when younger, produced more litters during their 
lifetimes, slightly (but not significantly) more young/litter, 
and, consequently, more than twice as many offspring as 
late-maturing females. Early-maturing females also both 
gave birth to and weaned a greater proportion of females/lit- 
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ter and a higher proportion of early-maturing daughters/litter 
than late-maturing females [3]. Further, early- and late- 
maturing female gerbils differed in their maternal behaviors. 
Early-maturing females spent less time nursing their young, 
were less likely to have their young gathered in the nest, and 
retrieved fewer young displaced from the nest than late- 
maturing females [3]. 

Although our previous studies have established the 
existence of differences in both reproductive and maternal 
behaviors of early- and late-maturing female gerbils, they 
provide no information on the causes of these differences. 
In the present paper, we begin analysis of the factors re- 
sponsible for observed differences in the reproductive 
profiles and maternal behaviors of early- and late-maturing 
female gerbils by examining the possibility that any of a 
variety of postnatal factors might be causally related to ob- 
served differences in their behavior. 

First, as mentioned above, early-maturing female gerbils 
gave birth to their first and subsequent litters at an earlier 
mean age than did late-maturing females. It is possible that 
maternal behavior in gerbils varies as a function of age. 
Differences in maternal behavior of mothers of different ages 
might affect development of their daughters (for an analo- 
gous case in male rats see [15]) resulting, for example, in 
daughters born to younger females developing more rapidly 
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than daughters born to older females. Older female gerbils 
might also deliver smaller or more male-biased litters than 
young ones [1, 5, 6, 12, 19, 20]. Thus, variance in the age of 
mothers at first parturition might be responsible for observed 
differences in their maternal behavior and development of 
their respective young. 

Second, early-maturing females matured in larger litters 
than late-maturing females. Studies of both gerbils and other 
rodent species suggest that relatively small litters receive 
different patterns of maternal care than relatively large ones 
[10, 11, 17, 21, 26]. Again, such differences in patterns of 
maternal care might affect subsequent rate of development 
of daughters and their offspring. 

Last, late-maturing mothers reared daughters in predomi- 
nantly male litters, while early-maturing females raised 
daughters in predominantly female ones. Drickamer [7] has 
shown in mice that presence of males in a litter retards rate 
of development of female littermates. It is possible that the 
concordance in rate of maturation of mothers and daughters 
mentioned above results from similarities in the sex-ratios of 
the litters they produce. 

In the experiments described below, we determined ef- 
fects of maternal age on maternal behavior, sex-ratios of 
litters, and rate of development of daughters. We also exam- 
ined effects of litter size and natal sex-ratio of litters on 
maternal behavior and rate of sexual development of female 
litter members. 


GENERAL METHOD 


Multiparous breeding pairs of Mongolian gerbils acquired 
from Tumblebrook Farm (Brookfield, MA) served as the 
source of all subjects. Breeding pairs were housed in poly- 
propylene cages (35x30 15 cm) with hardware-cloth (1.27 
cm) lids. Each cage was carpeted with a thin layer of wood- 
chip bedding (Betta-chip, Northeastern Products Corp., 
Warrensburg, NY). The colony was maintained on ad lib 
Purina Laboratory Chow and water in a single, tempera- 
ture-controlled colony room illuminated on a 12-hr light-dark 
cycle (lights on at 700 hours). Breeding pairs were examined 
daily and, when the female was visibly pregnant (last third of 
pregnancy), her mate was removed from her cage. Cages 
containing pregnant females were examined twice daily 
(1000 and 1500 hr) to determine date of parturition. 

Pups in each litter were toe-clipped for individual recog- 
nition on the day of their birth (Day 1) and weaned to a cage 
separate from their dam on Day 25. During the period from 
birth to weaning, all female young were examined daily to 
determine age at vaginal opening. Examination for vaginal 
opening was accomplished by applying gentle pressure just 
below the vagina. Those females that had not exhibited vagi- 
nal opening before weaning continued to be examined daily 
until vaginal opening had occurred. 

Females exhibiting vaginal opening before Day 25 were 
classified as early-maturing and those achieving vaginal 
opening after weaning, as late-maturing. As we have shown 
previously [3], age at vaginal opening is bimodally distrib- 
uted in domesticated gerbils. Thee was no overlap in the ages 
at which early-maturing females (mean=16.5+0.7 days) and 
late-maturing females (mean=37.1+0.8 days) exhibit vaginal 
opening in the present experiments. Because we weaned our 
gerbils at 25 days of age, it was convenient to use a criterion 
of vaginal patency at Day 25 to discriminate early- from 
late-maturing females, but any criterion from Day 23 to Day 
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27 would have served equally well as none of our subjects 
exhibited vaginal opening during that period. 

Except where indicated, all p values reported below are 
for 2-tailed tests. 


EXPERIMENT 1 


If differences in reproductive profiles and maternal be- 
haviors of early- and late-maturing females reflect differ- 
ences in their respective ages at first parturition, one would 
expect early- and late-maturing females reproducing for the 
first time at the same age to produce litters of similar size and 
sex-ratio, and to have daughters that matured at the same 
rate. Further, one would expect such females to exhibit simi- 
lar patterns of maternal behavior. In the present experiment, 
we compared reproductive profiles and maternal behaviors 
of: (1) early-maturing females placed at weaning with sexu- 
ally mature males (Early-maturing, early-bred Group), (2) 
early-maturing females placed with sexually mature males at 
90-110 days of age (Early-maturing, late-bred Group), and 
(3) late-maturing females placed with sexually mature males 
at 90-110 days of age (Late-maturing, late-bred Group). 


METHOD 
Subjects 


Forty-four females from 27 litters reared in the McMaster 
colony, as described in the General Method section, served 
as subjects. At weaning, each subject was assigned to one of 
three treatments; 10 subjects to the Early-maturing, early- 
bred Group, 17 to the Early-maturing, late-bred Group and 
17 to the Late-maturing, late-bred Group. All 10 females in 
the first group, 15 of those in the second and 14 of those in 
the third produced a litter before reaching 210 days of age. 
All 10 females in the first group, 14 of those in the second, 
and 12 of those in the third reared some pups to weaning. 


Procedure 


Breeding. Each subject in the Early-maturing, early-bred 
Group was paired with an adult male of proven fertility on 
the day of weaning (Day 25). Subjects in Early-maturing, 
late-bred and Late-maturing, late-bred Groups were placed in 
sibling pairs until they were 90-110 days of age, at which time 
each was placed with a proven adult male. Each subject was 
left with her mate until she was either visibly pregnant or 
reached 210 days of age, whichever occurred first. 

Pups born to subject females were counted, sexed, and 
toe-clipped for individual recognition on their day of birth 
(Day 1). Pups were counted for a second time at weaning 
(Day 25). Each female pup born to subjects in the three 
groups was examined daily from birth to weaning to deter- 
mine her age at vaginal opening. 

Testing. Maternal behavior of subjects was examined 
using three indices: a measure of nursing, a measure of 
gathering, and a measure of retrieval. Nursing and gathering 
were assessed by examining the cage of each subject twice 
daily (1000 and 1500 hr) from parturition to weaning to de- 
termine whether, at the time of inspection: (1) all pups were 
gathered in the nest and (2) the dam was in a nursing posture 
over the pups and the pups were attached to the dam’s nip- 
ples. Each dam was awarded two scores from 0-10 (2 in- 
spections/day x 5 days) indicating the number of inspection 
periods in a 5-day block during which (1) her pups were 
gathered in the nest and (2) the dam was nursing her young. 
For purposes of statistical analysis, each female was as- 
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TABLE 1 
CHARACTERISTICS OF FIRST LITTERS DELIVERED AND WEANED BY SUBJECTS IN EXPERIMENT |! 





Maturation: 
Breeding: 
N: 


Early Early Late 
Early Late Late 
10 15 





Mean age at first parturition* 
Mean litter size at 
Birth 
Weaning 
Mean percent males/litter at 
Birth* 
Weaning* 
Mean percent early-maturing 
daughters/litter* 


138.0 + 


7.0 + 
4.7 + 


34.8 + 7.67 





*F ratios significant (p<0.05). 


+Group differs (p><0.05) from the other two groups in its row. 


Measures of variance are S.E.M.s. 


signed a single nursing and a single gathering score based on 
all 50 (2 inspections/day x 25 days) observations of that 
female. 

Retrieval of subjects was assessed on Day 10 postpartum 
when each dam was tested for her response to displacement 
of two of her own pups from the nest. The experimenter 
picked up the dam from the nest, removed two pups (1 male 
and 1 female, when possible), lowered the dam back on the 
nest, and placed the two pups in the corner of the home cage 


diagonally opposite the nest. During the 5-min period follow- 
ing pup displacement, the experimenter observed behavior 
of the dam. Retrieval testing was conducted blind. 


Statistical Analysis 


One-way ANOVA was used to compute effects of mater- 
nal age at parity on reproductive and maternal behaviors. 
Protected f-tests appropriate for unequal Ns [6] were used in 
all post hoc analyses. 


RESULTS 


The main results of Experiment | are shown in Table | 
and Figs. 1 and 2. As can be seen in Table 1, litters born to 
early-maturing early-bred females (mean age at vaginal open- 
ing 17.1+0.7 days) differed in a number of ways from those 
born to late-maturing, late-bred females (mean age at vaginal 
opening 37.0+1.6 days). Litters of early-maturing, early- 
bred subjects were slightly, but not significantly larger (both 
ts<1.59, both ps>0.10), contained a smaller proportion of 
males at both birth and weaning (both ts>2.45, both 
ps<0.05) and a greater percentage of early-maturing 
daughters, t=2.06, p<0.05, than those of late-maturing sub- 
jects. Reproductive profiles of early-maturing subjects bred 
late (mean age at vaginal opening 16.4+0.8 days) closely 
resembled those of early-maturing females bred early in spite 
of the fact that members of the former group gave birth both 
at approximately the same mean age as late-maturing sub- 
jects bred late and at a significantly greater age than early- 
maturing females bred early, 1=6.69, p<0.01. Age at 
first parturition was not a determinant of the differences in 
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FIG. 1. Mean gathering (left-hand panel) and nursing (right-hand 
panel) scores of females in the three groups of Experiment 1. 


sex composition normally seen at birth in early-maturing and 
late-maturing female gerbils, nor did it affect rate of mat- 
uration of daughters. 

There is some suggestion in the data presented in Table | 
that the greater mortality rate of pups from birth to weaning 
seen in litters born to late-bred females may be age-related, 
but differences in mortality rate of pups in the three groups 
were not statistically significant (Kruskal-Wallace one-way 
ANOVA, H=2.84, p>0.05). Although the rate of loss of 
pups in the three groups (21.7, 28.1, and 32.7 percent) may 
seem high to those unfamiliar with reproduction in gerbils, it is 
well within the normal range (approximately 30 percent [14]). 

Figures la and Ib present, respectively, data describing 
gathering and nursing behaviors of females in the three 
groups. There was a main effect of groups on both nursing, 
F(2,33)=4.20, p<0.05, and gathering, F(2,33)=7.26, p<0.01, 
behaviors. Post hoc tests [6] revealed that, compared with 
early-maturing, early-bred females, late-maturing, late-bred 
females were more likely to be observed nursing their young, 
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FIG. 2. Percentage of females in the three groups of Experiment | 
retrieving one or both of their pups when tested on Day 10 
postpartum. 


t=3.33,p<0.01, and their young were more likely to be found in 
the nest, t=4.40, p<0.01. Further, nursing scores of early- 
maturing, late-bred females were significantly lower than 
those of late-maturing females bred late, r=2.15, p<0.05, 
while gathering scores of early-maturing females bred late 
were significantly greater than those of early-maturing 
females bred early, =3.50, p<0.01. Thus, age at parturition 
affected gathering but not nursing behavior. 

Figure 2 shows the percentage of subjects in each group 
retrieving one or both pups during the retrieval test on Day 
10 postpartum. Late-maturing females bred late retrieved 
their young more frequently than early-maturing females 
bred early (Fisher's Exact Test, p<0.01, one-tailed test). 
Early-maturing females bred late retrieved their pups signifi- 
cantly less frequently than late-maturing females bred late 
(Fisher's Exact Test, p=0.05, one-tailed test) and with the 
same frequency as early-maturing females bred early 
(Fisher’s Exact Test, p>0.05, one-tailed test). Age at par- 
turition did not affect retrieval behavior. 


DISCUSSION 


Taken together, the results of Experiment | suggest that 
age of a female at parturition is not an important determinant 
of differences in reproductive and maternal behavior seen in 
early- and late-maturing gerbils. Equating age at first parity 
of early- and late-maturing females did not cause early- 
maturing females to produce smaller litters or litters with the 
sex-ratio or percentage of early-maturing daughters typical 
of late-maturing females. Similarly, delaying first parity in 
early-maturing females did not significantly affect their nurs- 
ing or retrieval behaviors, though it did affect their gathering 
behavior. In general, it appears that differences in reproduc- 
tive and maternal behaviors exhibited by early- and late- 
maturing gerbils cannot be explained in terms of differences 
in their ages at first parity. 
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FIG. 3. Mean gathering (left-hand panel) and nursing (right-hand 
panel) scores of females in the three groups in Experiment 2. 
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EXPERIMENT 2 


As mentioned in the introduction, early-maturing gerbil 
females produce relatively large, female-biased litters. 
Late-maturing females produced relatively small, male- 
biased litters. Differences in sexual composition of litters in 
which daughters of early- and late-maturing females devel- 
oped might influence their rate of sexual maturation. Differ- 
ences in size or sex-ratio of litters born to early- and late- 
maturing females might affect their dams maternal beahvior. 
Further, differences in sex-ratio of litters or differences in 
litter size might interact with differences in maternal age to 
influence both maturation of daughters and maternal behav- 
ior of mothers. In the present experiment, we held constant 
both the size and sex-ratio of litters born to early- and late- 
maturing females (the former bred both early and late) and 
examined the effects of these manipulations on rate of sexual 
maturation of female young and maternal behavior of their 
mothers. 


METHOD 
Subjects 


Forty-four females from 27 litters reared in the McMaster 
colony, as described in the General Method section, served 
as subjects. At weaning, each subject was assigned to one of 
three Groups: 10 to the Early-maturing, early-bred Group 
and 17 to each of the Early-maturing, late-bred and Late- 
maturing, late-bred Groups. Nine subjects in the first group, 
16 in the second, and 15 in the third gave birth prior to 
reaching 210 days of age. Each of these 40 females reared 
some of their pups to weaning. 


Procedure 


The procedure was identical to that of Experiment 1 ex- 
cept that litters born to subject females were culled to 2 male 
and 2 female pups on their day of birth. 
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FIG. 4. Percentage of females in the three groups of Experiment 2 
retrieving one or both of their pups when tested on Day 10 
postpartum. 


RESULTS AND DISCUSSION 


As was the case in Experiment 1, early-maturing females 
bred early (mean age at vaginal opening 16.2+ 1.0 days) gave 
birth at a significantly earlier age (mean=87.8+ 4.9 days) 
than either early-maturing, late-bred (mean=132.9+5.3 
days) females (mean age at vaginal opening 16.9+0.7 days) 
or late-maturing late-bred females (mean age at vaginal 
opening=38.5+1.4 days; mean age at first parturition 
129.2+4.5 days) (both ts>5.92, both ps<0.01). 

The percentage of early-maturing daughters in litters 
produced by early-maturing females bred early was high 
(64.8%), as was the percentage of early-maturing daughters 
in litters of early-maturing females bred late (64.3%). Late- 
maturing females bred late had significantly fewer early- 
maturing daughters (31.8%) than females in either of the 
other two groups (both x’*s>5.11, both ps<0.02). Differences 
in rate of maturation of daughters born to early- and late- 
maturing females are not due to differences either in age of 
mothers or size or sexual composition of their litters. 

Nursing and gathering scores were affected by both size 
and sex-composition of litters and by age of mother. As can 
be seen in Fig. 3, which presents nursing and gathering 
scores of females in the three groups, equating size and sex- 
ratio of litters and altering age of females at parturition had 
significant effects on both measures of maternal behavior. 
As in Experiment 1, gathering scores for early-maturing 
females bred early differed significantly from those of late- 
maturing females bred late, t=4.57, p<0.01, and early- 
maturing females bred late were significantly different in 
their gathering scores from early-maturing females bred 
early, t=3.53, p<0.01. Similarly, nursing scores for early- 
maturing females bred early differed significantly from those 
of late-maturing females bred late, 1=3.95, p<0.01. In con- 
trast to the results of Experiment 1, in the present experi- 
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FIG. 5. Percentage of early-maturing daughters raised by early- and 
late-maturing females. Left-hand panel: Foster-reared pups; Right- 
hand panel: Pups reared by own mother. Numbers within bars 
=number of female pups/group. 


ment, early-maturing females bred late were significantly dif- 
ferent from early-maturing females bred early in their nurs- 
ing behavior, t=2.25, p<0.05. 

Comparison of the results of the test of nursing behavior 
in the present experiment with that of Experiment | suggests 
that effects of maternal age interact with litter characteristics 
to influence nursing behavior. Early-maturing females bred 
late in Experiment 1, rearing their natural litters, exhibited 
nursing scores like those of early-maturing females bred 
early, while, in the present experiment, early-maturing 
females bred late, nursing only two male and two female 
pups, exhibited nursing scores like those of late-maturing 
females bred late. 

Figure 4 presents data describing retrieval behavior of 
subjects in the three groups. As examination of the figure 
suggests, early-maturing, late-bred females were inter- 
mediate between the other two groups in retrieval behavior. 
They did not differ significantly from either (Fisher's Exact 
Test, both ps>0.10, one-tailed test). Late-breeding in- 
teracted with litter size and litter composition to modify re- 
trieval behavior in early-maturing females. 

Considered together, results of Experiments | and 2 
suggest that differences observed in maternal behaviors 
(nursing, gathering and retrieval) of early- and late-maturing 
female gerbils are the result of differences in age at first 
parturition and/or size and sex-composition of litters. Differ- 
ences in rate of maturation of daughters in litters born to 
early- and late-maturing females were resistant to manipula- 
tion of these variables. 


EXPERIMENT 3 


Litters in Experiments 1 and 2 were reared by their nat- 
ural mothers. In consequence, it was not possible to deter- 
mine whether observed differences in the rate of maturation 
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of daughters born to early- and late-maturing females were 
due to postnatal influences exerted by the mother or to hered- 
itary or prenatal influences. In the present experiment, 
early-maturing and late-maturing females reared foster pups 
in addition to their own young, allowing determination of 
effects of postpartum behavior of dams on rate of maturation 
of females in their litters. 


METHOD 
Subjects 


Seventeen late-maturing and 33 early-maturing females 
served as subjects. These animals were born and reared in 
the McMaster colony and placed with a proven male at 25 
days of age. By selecting from among a much larger group of 
parturient females those 50 females giving birth within 24 hr of 
another female, we were able to meet the procedural condi- 
tions described below. 


Procedure 


On the day of parturition, each subject was given one or 
two foster pups from the litter of a female giving birth within 
24 hr of the subject. Litters of foster mothers were then 
adjusted so that females in each of the three groups de- 
scribed below reared an average of 5.8 pups: the one or two 
foster females each received, 1 or 2 females from own 
litters (depending on availability) and enough own 
male young to bring litters to an average of 5.8 pups/group. 
Variability in size and sex-composition of litters at birth pre- 
vented a more precise method of composing litters. We 
were, however, able to equate both mean litter size and 
mean sex-ratio of litters reared by subjects in each group. 

Each subject female was assigned to one of three groups. 
Seventeen late-maturing females reared female pups (n=22) 
born to early-maturing females as well as some of their own 
female pups (n=17). Sixteen early-maturing females reared 
female pups born to late-maturing females (n=24) in addition 
to some of their own female young (n=10), and, to control 
for effects of the fostering manipulation, 17 early-maturing 
females reared female pups born to other early-maturing 
females (n=27) in addition to some of their own female 
young (n=11). Both fostered and naturally reared female pups 
were examined daily from Day 1 to Day 25 to determine age 
at vaginal perforation. 


RESULTS AND DISCUSSION 


The results of Experiment 3 are presented in the two 
panels of Fig. 5 that show the percentage of early-maturing 
fostered and natural daughters raised by mothers in each of 
the three groups. As can be seen in the right-hand panel of 
Fig. 5, daughters born to and reared by early-maturing 
mothers (mean age at vaginal opening 15.8+0.5 days) were 
significantly more likely to exhibit vaginal opening prior to 
Day 25 than were daughters born to and reared by late- 
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maturing mothers (mean age at vaginal opening 37.6+1.2 
days) (Fisher’s Exact Tests, both ps<0.05). 

The main results of Experiment 3 are found in the left- 
hand panel of Fig. 5. Rate of maturation of foster-reared 
pups was determined by their biological mother and not by 
their foster mother. Pups born to late-maturing mothers and 
reared by early-maturing mothers were significantly less 
likely to exhibit vaginal opening prior to Day 25 than pups 
born to early-maturing mothers and foster-reared by late- 
maturing mothers (x?>5.26, p<0.02). The difference 
in rate of maturation of females born to early- and late- 
maturing females is the result of prenatal rather than 
postnatal events. 


GENERAL DISCUSSION 


Results of the present experiments suggest that differ- 
ences (1) in maternal behavior of early- and late-maturing 
female gerbils and (2) differences in characteristics of their 
litters do not have similar causes. Reduced levels of maternal 
behavior (as measured by gathering, nursing and retrieval) 
observed in early-maturing females are the result, either 
singly or in combination, of the relative youth of early- 
maturing females at first parturition and the large, female 
biased litters they produce. 

Sex-ratios of litters at birth and rate of maturation of 
daughters are not influenced either by maternal age or size or 
sexual composition of litters. Events occurring following 
birth do not appear to be important in determining rate of 
maturation of daughters. Differences in sex-ratios of litters 
born to early- and late-maturing females and differences in 
rate of sexual maturation of daughters must result from 
differences in genetic material passed on by early- and late- 
maturing females to their daughters and/or from differences 
in the uterine environments in which embryos and fetuses of 
early- and late-maturing females develop. 

It has been suggested that the proportion of males in lit- 
ters is a heritable characteristic in rats [13], possibly 
mediated by chemical characteristics of cervical fluids in- 
fluencing relative longevity of X and Y sperm and, conse- 
quently, sex-ratios at fertilization [22]. Uterine conditions 
following fertilization of ova can favor differential survival of 
either sex [17]. Rate of maturation of daughters, could, simi- 
larly be influenced either by hereditary factors and/or by 
effects of environments experienced by females in utero [4, 
23, 24, 25]. We are currently exploring effects of differences 
in genotype and in the uterine environments provided by 
early and late-maturing gerbils on sex-ratios of litters at birth 
and rate of maturation of daughters. 
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DE WITTE, PH. AND M. GEWISS. Effects of variations of reinforcement magnitude on alcohol discrimination using 
intracranial stimulation as the reinforcer. PHYSIOL BEHAV 36(6) 1005-1008, 1986.—Male Wistar rats were trained to 
discriminate intraperitoneal injections of 2 g/kg of alcohol from 0.5 g/kg alcohol injections. Intracranial stimulation in the 
posterolateral area of the hypothalamus served as the reinforcer according to a FR 10 schedule of bar pressing. After 
discrimination between the two alcohol doses had been established, the response-reinforcement contingency was modified 
by progressively increasing the intensity of the intracranial stimulation. The results indicate that the generalization gradient 
varies with the number of reinforcements. The more the lever associated with a training dose was reinforced, the more the 
EDS0O had the tendency to approach this dose. Our paradigm, by using electrical brain reinforcer, allowed to deliver in an 
equal manner the reinforcement schedule in order to obtain equal performances and equal number of reward received. 
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THE drug discrimination paradigm has become an important 
assay procedure in behavioral pharmacology [8]. In the drug 
discrimination procedure, the organism has to discriminate a 
given substance from another substance or from its vehicle 
either to obtain reward or to avoid punishment [7]. 

It has been found [2] that animals may reach a criterium 
performance of discrimination more rapidly under drug train- 
ing sessions than under saline sessions. This asymmetry may 
perhaps result from differences in the rate of reinforcement. 
That is, despite the use of the same training procedure and 
the same reinforcement schedule, the differences in per- 
formance that can be observed between drug and saline ses- 
sions can perhaps be explained in terms of either the rate of 
reinforcement or in terms of drug-induced alterations of the 
effects of the reinforcer [3]. Drug self-administration proce- 
dures have clearly shown that drugs can have strong rein- 
forcing effects [4]. In a drug discrimination paradigm this 
reinforcing property of the drug itself added to the reinforcer 
used in the discrimination procedure could differentially af- 
fect the drug sessions and the saline sessions. 

In the drug versus no-drug (vehicle) design, the discrimi- 
nation is defined in terms of the presence or the absence of a 
certain effect induced by the training drug; thus, generaliza- 
tion to no-drug does not imply a non-drugged state. In the 
case where two different doses of the same drug are to be 
discriminated, animals are required to discriminate the effect 


of the drug along an intensity continuum of a same spectrum 
of pharmacologic activity. 

The use of intracranial stimulation (ICS) allows to study 
the effects of variations of magnitude of reinforcement after 
the correct responses in alcohol discrimination [5], upon 
generalization gradients for alcohol. 


METHOD 
Subject, Electrodes and Histology 


Male albino Wistar rats from a random breeding, individ- 
ually housed under standard laboratory conditions (12-hr 
light/dark cycle, temperature 22-24°C, humidity 55%) and 
maintained ad lib with laboratory food pellets, were used. 
The animals weighed 300 g at the time of surgery and were 
implanted with a monopolar nickel-chrome electrode (0.25 
mm) insulated except for the cross section of the tip. The 
electrodes were implanted stereotaxically according to the 
following coordinates—A 3.5 mm behind bregma; L 1.2 mm; 
H 8.3 mm below the skull surface (lateral posterior hypothal- 
amus). This brain area was chosen for the consistent rate of 
self-stimulation that can be obtained there. The indifferent 
electrode was placed 2 mm in front of the bregma. The 
animals were allowed one week to recover and were then 
trained to self-stimulate. Upon completion of the experi- 
ment, subjects were killed and the brain removed and placed 
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FIG. 1. Percentage of correct responses (ordinate) as a function of 
the number of week of training (abscissa) after the low (a) or the high 
dose (A) of alcohol. 


in 10% formalin in saline for 10 days. The brains were then 
frozen, cut at 100 uw, and the section stained with cresyl 
violet. Animals were allowed to self-stimulate in modified 
Skinner boxes using brain stimulations of 0.2 sec train dura- 
tion, 0.2 msec negative pulses being delivered at a frequency 
of 100 Hz. Current threshold for self-stimulation behavior 
ranged from 60 and 200 1A with a mean of 130 wA. Rats were 
given daily training sessions until the bar pressing rate be- 
came steady (+1.200 bar presses per 15 min sessions). An 
experimental group of 7 rats was established and the dose- 
response gradient for ethanol was estimated. This was fol- 
lowed by retraining the same animals with a higher intensity 
of ICS as the reinforcer (+20 A), and the gradient was 
re-determined. This procedure of progressively increasing 
the reinforcement of the correct choice was continued until 


performance no longer increased with the increased intensity 
of ICS. 


Apparatus 


After the injection of drug, animals were placed in an 


illuminated and sound-attenuating chamber (modified 
Campden Instruments Box); the chamber contained two lev- 
ers (3.52.5 cm) separated by 11 cm on one wall. The appro- 
priate lever was connected to the brain stimulator which 
automatically delivered one stimulation train after the re- 
quired number of lever presses had been made; this number 
varied from 1 to 10 in the acquisition process of the FR 
requirement. The electrical parameters of the rewarding 
brain stimulation were always monitored by means of an 
oscilloscope, and the number of bar presses on both levers 
was recorded. 


Alcohol Discrimination Procedure 


The subjects were placed in the test chamber for a 15 min 
session, 10 min after an intraperitoneal injection of a high 
dosage of ethyl alcohol (A: 2 g/kg, containing 25.28 ml/kg of a 
10% solution v/v in isotonic saline) or a low dosage of ethyl 
alcohol (a: 0.5 g/kg, containing 6.32 ml/kg of a 10% solution 
v/v in isotonic saline). As it appears that concentration may 
largely influence the effects of ethanol injected IP probably 
due to concentration-induced changes in ethanol absorption 
[9], we preferred to inject ethanol in the same concentration 
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TABLE 1 
NUMBER OF RESPONSES ON THE APPROPRIATE LEVER/15 MIN 





ICSS 
intensity 


Low dose 


0.5 g/kg 


High dose 
2 g/kg 





Threshold 611 53 
+20 pA 877 + 112 
+40 pA 1.604 + 188 


900 + 102* 
932 + 83(n.s.) 
1.057 + 124* 





Mean number of bar presses (+standard deviation) for ICS at the 
threshold and after increasing the intensity (+20 and +40 yA) of the 
electrical brain reward, per 15 min training session. Performance 
was recorded either under the low dose of alcohol or the high dose. 
Comparisons were done between performances obtained under the 
same ICSS intensity at the two alcohol doses; the asterisk shows the 
performance which was significantly better, using Student's f-test 
for dependent samples (p<0.01). The table also shows that under the 
low dose, animals only increased responding significantly at 40 uA 
while the high dose animals showed no changes with stimulus inten- 
sity. 
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FIG. 2. Mean sample score on the drug lever (ordinate) after injec- 
tion of different test doses of alcohol (abscissa) used for the gener- 
alization gradients—different gradients are obtained successively 
depending on the intensity of the intracranial stimulation (ICS 
threshold, ICS threshold +20 uA and ICS threshold +40 wA). This 
figure also shows the mean EDS0 for each obtained gradient. 


but in different volumes. The fact that our animals had to 
wait 10 min after injection before entering the training box, 
added with the failure to obtain vehicle discrimination be- 
tween same vehicle injected in different volumes (unpub- 
lished data), tends to show that it is less probable that 
animals can use the difference in volume for discrimination. 

Injections of the high (A) or low dose of alcohol (a) were 
given according to two weekly alternating sequences, i.e.: 
a-A-A-a-A and week 2: a-a-A-a-A. Discrimination training 
began simultaneously with training on the FR 10 schedule. 
The sample of rats was divided into two groups, the first 
having the high alcohol lever on the right side and the second 
having it on the left. Recorded were the number of bar 
presses on the correct and incorrect lever and the number of 
electrical rewards received during each session. Once FR 10 
responding was acquired, discriminative performances was 
evaluated using the percentage of correct responses, i.e., 
(10/N) x 100, where N is the total number of bar presses 
made on both levers before the first reinforcement had been 
delivered. Averages of these percentages were calculated for 
the sample and per week. 





RESPONSE-REINFORCEMENT IN DRUG DISCRIMINATION 


A correct choice was defined as a percentage of correct 
responses beyond 82% (no more than 2 presses on the incor- 
rect lever before obtaining the first reward). After having 
reached the discrimination criterion, i.¢., 8 correct choices 
out of ten consecutive training sessions, dose-response ef- 
fects were tested using doses of alcohol between the two 
training doses (0.75 g/kg, 1 g/kg, 1.5 g/kg). On test days, one 
per week, an extinction period of 3 min was run. Between 
test days, regular training sessions were continued to main- 
tain the drug discrimination. During the tests, the number of 
bar presses on each lever was recorded when there had been 
at least 10 presses on one lever. The percentage of responses 
on the drug lever was then calculated. 

After estimating the generalization gradient, the intensity 
of the electrical reward was increased by 20 uA for each rat. 
The level of self-stimulation increased and was computed for 
two weeks of normal drug discrimination training. Then the 
same test doses, i.e., 0.75, 1 and 1.5 g/kg, were injected, 
each dose once a week. Then the intensity of the reward was 
raised for another 20 vA (i.e., +40 wA from the threshold 
intensity), and the gradient of generalization was again esti- 
mated for the same doses. During this last part, one rat was 
discarded because of disease. 


RESULTS 


Six animals reached the criterion of acquisition of the 
discrimination after 10 weeks of training (range 7-14). Figure 
1 shows that the percentage of correct responses increased 
more rapidly when injecting the low dose of alcohol (0.5 
g/kg). Table 1 shows the mean number of bar presses during 
training sessions after the incrementation of the brain stimu- 
lation intensity from the threshold intensity for self- 
stimulation. It was found that the performance under the low 
or high dose of ethanol was differentially affected by the 
threshold intensity, by an increase of 20 wA and increase of 
40 A from the threshold. 

The dose-response gradient for ethanol was then estab- 
lished. Figure 2 shows the gradients obtained for the sample 
of rats trained with this procedure. The dose-response gra- 
dients were established by measuring the percentage of re- 
sponses on the drug lever during 3 minute extinction tests. 

It was found that rats progressively discriminated doses 
of ethanol differing from the two training doses. The EDSO 
differed according to the intensity of ICS, i.e., 0.80 g/kg for 
ICS at reinforcer threshold for self-stimulation, 1.04 g/kg 
after an increase of 20 wA and finally 1.28 g/kg for another 
increase of 20 uA of the brain stimulation. A two-factors 
ANOVA (one factor being the drug dose and the other the 
intensity of the ICS reinforcer) with repeated measures 
showed that the different intensities of reinforcing ICS 
produced differences in the obtained discrimination gra- 
dients, F=9.40, p<0.001. Moreover, multiple comparison of 
the mean performance of the sample on each of the gradients 
obtained for the three intensities of ICS using the 
Newman-Keuls method (i.e., the comparison of the ob- 
served range with the maximum expected range for a=0.01) 
showed that the greater the intensity of the ICS, the more the 
gradients became flat. 


DISCUSSION 


In a two-lever discrimination paradigm, response- 
reinforcement contingencies are important variables. The 
reinforcement used (focd delivered to deprived rats, for 
example) is generally symmetrically and equaily given for 
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responding on the two levers. Studies have clearly shown 
that variation of the reinforcement schedule markedly mod- 
ifies the subsequent generalization gradient [3,6]. In such 
procedures, reinforcement occurred assymetrically across 
the correct lever or the incorrect lever. In these studies, 
reinforcement rates were different between drug (i.e., the 
narcotic fentanyl) and saline training sessions. These differ- 
ences affected the drug generalization gradients as a function 
of the proportion of the reinforcements obtained during train- 
ing sessions. Furthermore, the reinforcement rate differ- 
ences also affected cross-generalization to other drugs (e.g., 
apomorphine and nicotine) such that generalization only oc- 
curred in rats that had received more reinforcements during 
drug sessions than during saline sessions. 

In one of these studies [3], the reinforcement was with- 
held for some time after the occurrence of errors (frustrative 
non-reward schedule) and this leads to large differences in 
the effect of an antagonist (naloxone) on an opiate drug train- 
ing dose (fentanyl). It seems thus that the spectrum of phar- 
macological activity of a drug depends on the nature and the 
amount of reinforcement that was administered during train- 
ing. Reinforcement rate differences can also be modulated 
by the training drug itself, either through the reduction re- 
sulting from alterations in response rate or through the re- 
warding effects of the drug itself. These unconditioned ef- 
fects of drugs can possibly summate with the scheduled rein- 
forcement for discriminated responses and that contributed 
to an assymetry in the number of reinforcement received. 
This was generally observed in the number of errors and the 
performances occurring either under saline-drug training 
sessions or under drug-drug training sessions. 

The resulting generalization gradients under assymetrical 
number of reinforcers diverged concurrently with the fre- 
quency of reinforcement. Our results show that the obtained 
EDS0 depends on the lever that had been the more rein- 
forced during training sessions; the more the lever associated 
with a training dose was reinforced, the more the EDSO has a 
tendency to approach this dose. 

Moreover by using electrical brain stimulation as the rein- 
forcer we show that, by manipulating the intensity of the 
electrical stimulation, the absolute number of reinforcements 
received varies differently under low training dose or under 
high dose sessions. The number of obtained reinforcers using 
ICS increased concurrently with the increase in current in- 
tensity only for the low training dose, since the performance 
remains constant at high ethanol dosage training sessions. 

By manipulating the intensity of the brain stimulation we 
can deliver equally the reinforcement obtaining thus the 
same frequency of reinforcement delivered on the two levers 
(i.e., the case of +20 wA in Table 1). Independently on the 
action of alcohol on brain reward systems when ICS was 
used as unconditioned stimuli [1] our experiment shows that 
the use of ICS as reward in a conditioned paradigm allows to 
obtain quantitative alcohol generalization gradient under the 
delivery of the same number of rewards after low dose or 
high dose of the pharmacological substance injected. This 
seems an important variable to control before studying qual- 
itatiave generalization to other substances in the research of 
the pharmacological profile when using a two-lever drug dis- 
crimination paradigm. 
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BLAKE, D. J. AND W. E. GLADFELTER. Wheel-running activity after kainic acid injection into lateral hypothalamus of 
rats. PHYSIOL BEHAV 36(6) 1009-1016, 1986.—It has not been resolved whether the permanent decrease in wheel- 
running activity observed after the placement of bilateral electrolytic lesions in the ventrolateral hypothalamus of rats is 
due to local neuronal destruction or to disruption of fibers of passage within the lateral hypothalamus. To further explore 
this question, the changes in wheel-running activity following injections of a kainic acid (KA) solution into the ventrolateral 
hypothalamus of rats were studied. As was found with electrolytic lesions, KA induced lesions in the ventrolateral 
hypothalamus resulted in a permanent decrease in wheel-running activity. The uptake of *H-dopamine (H-DA) into crude 
synaptosomal preparations of striatal tissue was used as an index of the amount of damage done to fibers of passage by KA. 
3H-DA uptake by striatal tissue from rats injected with KA did not significantly differ from that of control rats. These data 
support the hypothesis that the decrease in wheel-running activity following injection of KA into the ventrolateral hypo- 


thalamus is the result of damage to intrinsic neurons. 
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PLACEMENT of bilateral electrolytic lesions in a discrete 
site in the ventrolateral hypothalamus has been shown to 
produce a permanent decrease in wheel-running activity of 
rats [5]. The neural system that is defective is difficult to 
determine because the lateral hypothalamus contains both 
intrinsic neurons, with their afferent and efferent connec- 
tions, and fibers of passage that traverse this region. Elec- 
trolytic lesions appear to damage all of these components. 
The neurotoxin, kainic acid, when injected locally into a 
region of the brain, has been reported to damage only 
neurons intrinsic to that region while sparing fibers of pas- 
sage [6, 13, 15]. The present study was undertaken to de- 
termine the effects on wheel-running activity of local 
neuronal loss within this discrete site of the ventrolateral 
hypothalamus induced by the local injection of kainic acid. 


METHOD 


Male Sprague-Dawley rats, weighing between 120-150 
grams, were placed individually into activity cages 
(Wahmann Manufacturing Company, Timonium, MD), each 
cage consisting of a living compartment and a running-wheel 





with a mechanical counter. The cages were kept in a sound- 
damped room maintained at a temperature of 21°+1°C in 
which the lights were on a twelve hour on-off cycle. Rats 
were undisturbed except for a three hour care period, 0900- 
1200, on Tuesday and Friday mornings when they were fed, 
watered and weighed, their activity wheels were checked for 
proper functioning and their cages and room were cleaned. 
During these care periods, activity (care activity) was re- 
corded separately from that during the rest of the week (un- 
disturbed activity) because the variables affecting spontane- 
ous locomotor activity were different [2, 16, 23]. Food 
(ground Wayne Lab-Blox) was provided ad lib to the rats 
until they attained a body weight of 280+10 grams. At this 
time, food intake was restricted to maintain a constant body 
weight in order to eliminate the effect of weight gain on 
wheel-running activity. Throughout the experiment, water 
was available ad lib. 

Each rat served as its own control because of the great 
variability in wheel-running activity among rats. In addition, 
some rats served as unoperated controls, and their activity 
was used to indicate the effects that changes in environ- 
mental factors and other factors, such as aging, had on ac- 
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tivity. Other animals served as sham operated controls and 
their activity reflected the effect that the trauma of surgery 
had on activity. 

Weekly measurements of spontaneous wheel-running ac- 
tivity were made for a control period of eight weeks. At the 
end of the control period, the animals underwent surgery, at 
which time chemical lesions were produced or sham opera- 
tions were performed. The animals under sodium pentobar- 
bital anesthesia (50 mg/kg IP), were placed in a Kopf 
stereotaxic instrument. In experimental animals, bilateral in- 
jections of 2 yl of a freshly prepared kainic acid (KA) solu- 
tion (0.5 wg/ul KA in artificial cerebrospinal fluid [14], pH 
7.4) were made into the lateral hypothalamus through a 27 
gauge stainless steel cannula over a three minute period with 
a Harvard Apparatus infusion pump. The cannula was left in 
place an additional five minutes after the completion of the 
injection to allow diffusion of KA away from the cannula tip. 
The same injection procedure was used for sham operated 
controls except that artificial cerebrospinal fluid without KA 
was infused. After surgery was completed, the animals’ 
rectal temperatures were monitored for at least three hours 
postoperatively. If temperatures rose above 39°C, supple- 
mental doses of sodium pentobarbital were administered in- 
traperitoneally in 6.5 mg doses. Following recovery from 
surgery, animals were placed in their cages and weekly 
wheel-running activity was again measured for eight weeks. 
Preoperative environmental parameters were maintained 
postoperatively and body weight was held at 280 grams by 
restricting food intake. 

At the conclusion of the experiment, the animals were 
decapitated and their brains were rapidly removed and 
placed in ice cold 0.32 M sucrose solution. After chilling, a 
coronal cut was made in each brain caudal to the optic 
chiasm. The caudal portion of tissue (which included the 
hypothalamus) was fixed in 10% neutral formalin solution. 
After fixation, the hypothalamus of each brain was em- 
bedded in paraffin and serially sectioned at 20 microns. 
Every other ribbon of five sections was stained by the 
Kluver-Barrera technique [8] while the remaining ribbons 
were stained for Nissl bodies. Histological examination for 
cannula placements and lesion sites was completed for all 
brains. 

The striatum, a structure rich in DA terminals that exhibit 
a high affinity uptake for DA [20], was excised from the 
rostral portion of tissue. Using the method of Coyle and 
Snyder [3], as modified by Kuhar [9], the active uptake of 
3H-DA (Dopamine) by crude synaptosomal preparations of 
striatal tissue was measured for four minutes and used as 
an index of the number of DA terminals present in the 
striatum [9]. The protein content of an aliquot of each 
crude synaptosomal preparation was determined by the 
method of Lowry et al. [11]. The uptake of *H-DA by 
crude synaptosomal preparations was expressed as 
picomoles of *H-DA/mg of protein/four minutes incubation. 
The Student’s ¢ test was used to evaluate the statistical sig- 
nificance of the differences in the amount of *H-DA taken up 
by the synaptosomes of control and experimental animals [19]. 

To analyze the activity data, the data were normalized by 
expressing the postoperative activity of each animal as a 
percentage of its own preoperative activity. The value calcu- 
lated to represent the preoperative activity was the mean 
weekly activity level of the final four weeks of the preopera- 
tive period. Data from the initial four weeks were excluded 
from the calculation because during this time the rats were 
adapting to their activity cages [10]. Postoperative activity 
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was grouped into 2 four-week periods because additional 
factors that affect wheel-running activity are present during 
the first several postoperative weeks. (It appears to take 
several weeks for rats to recover from the trauma of surgery, 
as indicated by the fact that the postoperative wheel-running 
activity of sham operated control rats often is depressed 
below preoperative levels for this length of time. In addition, 
many of the rats with lesions in the lateral hypothalamus 
have to be forced fed for several weeks after surgery. By the 
last 4 postoperative weeks, the rats have recovered from the 
trauma of surgery and almost all of them have begun to eat 
and drink spontaneously.) Mean activity values were calcu- 
lated for each of these four-week postoperative periods. In 
addition, the greatest weekly wheel-running activities of 
each rat that occurred during postoperative weeks 1-4 and 
5-8 were expressed as a percentage of the greatest weekly 
wheel-running activity that occurred during preoperative 
weeks 5-8. This activity measurement was designated as the 
Peak Activity, and served as another index of the recovery 
of postoperative wheel-running behavior. Then the changes 
in postoperative activities of the lesion-bearing rats were 
compared to those of the control rats, the null hypothesis 
being tested by the Kruskal-Wallis statistic and distribution- 
free multiple comparisons based on Kruskal-Wallis rank 
sums [7]. 

In addition, weekly postoperative wheel-running activity 
was analyzed by expressing each animal's activity during 
individual postoperative weeks as a percentage of its mean 
preoperative activity. The weekly relative activity levels of 
the experimental groups were compared to those of the con- 
trol group for each of the eight postoperative weeks, using 
the Kruskal-Wallis statistic and distribution-free multiple 
comparisons based on Kruskal-Wallis rank sums [7] to test 
the null hypothesis. Also, the weekly activity data of each rat 
were transformed to stabilize the variances by the equation 


kl top. activit 
on Vie y postop ac ivity 
Mean preop. activity 


so that two-way analysis of variance and the Newman-Keul 
test could be used to determine whether there was an in- 
teraction between the treatment and time variables (24). 
All of these statistical comparisons were performed for 
activity recorded during both the undisturbed and care 
periods. For these statistical analyses, the data from sham 
operated and unoperated control rats were pooled because 
they did not differ significantly (Mann-Whitney U test; [18]). 








RESULTS 


Rats receiving KA injections into the lateral hypothala- 
mus exhibited a variety of symptoms. During the first hour 
following KA injection, the mean systemic blood pressure 
probably was elevated. Although systemic blood pressure of 
the rats used in this experiment was not measured, it was 
measured in another series of 12 rats via a catheter inserted 
into the middle caudal artery of the tail. The average 
maximum increase in mean arterial pressure after KA injec- 
tion was 218+11% as compared to an average maximum in- 
crease of 103+7% in control rats following local infusion of 
the vehicle into the LH, p=0.03, Mann-Whitney test (un- 
published observation). During recovery from anesthesia, 
the animals experienced hyperthermia with rectal tempera- 
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FIG. 1.Diagram of cross sections of the hypothalamus illustrating the region of 
the hypothalamus (solid black areas) in which placement of bilateral electroly- 
tic lesions results in a permanent decrease in wheel-running activity. The 
cross-sections are arranged sequentially from top to bottom in the left column 
and continue from top to bottom in the right column. 


tures sometimes as high as 41°C. Normal body temperature 
measured preoperatively was 37°+1°C. Transient motor ef- 
fects were also observed during this recovery period. Tread- 
ing of limbs, hyperextension of head and occasional rolling 
motions along the long axis of the body were seen. The high- 
est body temperatures and the greatest motor activity were 
in most cases concurrent. Within 3 to 4 hours post-injection, 
body temperatures were within normal range, transient 
motor effects were no longer present and righting reactions 
were exhibited. During the rest of the experiment, the rats 
showed no indications of motor dysfunction or of sensory 
neglect. In fact, while the rats appeared somewhat lethargic, 
they often displayed an exaggerated startle response and a 
hyper-reactivity to handling. All animals exhibited tempo- 
rary adipsia and aphagia ranging from | to 6 days (mean 2.25 
days). However, following recovery of eating and drinking 


behaviors, the animals had to be placed on restricted food 
intake to maintain a constant body weight. 

A high mortality rate was associated with bilateral KA 
injection. Fifty-three percent of the animals receiving bilat- 
eral KA injections died within 24 hours post injection. When 
the surgical procedure was changed so that the KA injections 
into the two sides of the hypothalamus were done three days 
apart, the mortality rate dropped to 16%. In contrast, no 
animals receiving sham operations died. In addition, sham 
controls exhibited no hyperthermia or overt motor activity 
during recovery from anesthesia, no exaggerated startle re- 
sponses, and no aphagia or adipsia. 

Activity data were grouped on the basis of histologically 
identified cannula placements in an effort to examine the 
effects of KA injection into the discrete ventrolateral hypo- 
thalamic area, the damage of which, by bilateral electrolytic 
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FIG. 2. Effect of kainic acid injection into the ventrolateral hypo- 
thalamus on mean wheel-running activity during postoperative 
weeks 5-8. UNDISTURBED ACTIVITY—Total weekly wheel- 
running activity minus CARE ACTIVITY. CARE ACTIVITY— 
Wheel-running activity during the two 3-hour periods when the rats 
are cared for. PEAK ACTIVITY—The greatest weekly wheel- 
running activity of the respective categories. CONTROLS—Include 
both unoperated rats and rats in which artificial cerebrospinal fluid 
was injected into the ventrolateral hypothalamus. LH,;—Rats in 
which kainic acid was injected into that region of the ventrolateral 
hypothalamus the destruction of which, by electrolytic lesions, 
produces a decrease in wheel-running activity. (See Fig. 1). LH,— 
Rats in which kainic acid was injected into the ventrolateral hypo- 
thalamus outside of the region defined under LH;. The null hypoth- 
esis was tested by the Kruskal-Wallis statistic and distribution-free 
multiple comparisons based on Kruskal-Wallis rank sums. 


lesions, produces a permanent decrease in wheel-running 
activity (Fig. 1). The boundaries of this critical lateral hypo- 
thalamic (LH) area include the fornix, the internal capsule and 
the base of the brain. Its rostrocaudal extent is approx- 
imately that of the ventromedial nucleus of the hypothala- 
mus [5]. Activity data from all animals with cannula place- 
ments in the critical LH area were grouped together. This 
group was designated as the LH, group. Activity data from 
animals with cannula placements located rostral or caudal to 
this critical LH area were grouped together as the LH, 
group. 

The data collected during this study indicate that KA in- 
duced lesions involving the critical ventrolateral hypotha- 
lamic site produce a significant decrease in wheel-running 
activity. In both postoperative periods, weeks 1-4 and weeks 
5-8, the mean activity level and peak activity of the LH, 
group during both the undisturbed and care conditions were 
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FIG. 3. Time course of changes in weekly wheel-running activity 
during the UNDISTURBED PERIOD following bilateral kainic acid 
injections into the ventrolateral hypothalamus. For legend see Fig. 
2. The null hypothesis was tested by the Kruskal-Wallis statistic and 


distribution-free multiple comparison based on Kruskal-Wallis rank 
sums. 


significantly less than those of control rats. In addition, the 
undisturbed and peak undisturbed activities of the LH, group 
also were significantly less than those of the LH, group dur- 
ing the last four postoperative weeks (Fig. 2). In neither 
postoperative period were activity levels of the LH, group 
significantly different from those of control rats. 

The weekly postoperative changes in wheel-running ac- 
tivity indicate that the hypoactivity of the animals in the LH; 
group was consistent throughout the eight postoperative 
weeks during both the undisturbed and care conditions. Only 
during the second postoperative week were the wheel- 
running activities of the LH, group not significantly less than 
those of control rats (Figs. 3 and 4). In addition, the care 
wheel-running activity of the LH; group was significantly 
less than that of the LH, group for all postoperative weeks 
except the first, and the undisturbed wheel-running activity 
of the LH; group was significantly less than that of the LH, 
group during postoperative weeks 4 through 8. In only the 
first postoperative week was any wheel-running activity of 
the LH, group significantly less than that of control rats. 

The two-way analysis of variance and the Newman-Keul 
test indicate that there was no interaction between treatment 
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FIG. 4. Time course of changes in weekly wheel-running activity 
during the CARE PERIOD following bilateral kainic acid injections 
into the ventrolateral hypothalamus. For legend see Figs. 2 and 3. 


and time, and that after the first postoperative week time had 
no effect on wheel-running activity. The significance of the 
treatment data was similar to that determined by the non- 
parametric statistical tests. The undisturbed and care activi- 
ties of the LH, group were significantly less than those of the 
control and LH, groups, while these activities of the LH, 
group did not significantly differ from those of the controls. 

In summary, KA induced lesions involving the ventrolat- 
eral hypothalamus at the rostrocaudal level of the ven- 
tromedial nucleus produced a significant decrease in wheel- 
running activity during both undisturbed and care periods 
that lasted throughout the eight postoperative weeks. 

In these experiments, the uptake of “H-DA by crude synap- 
tosomal preparations of striatal tissue served as an index of 
terminal innervation by the nigro-striatal DA system, which, 
in turn, reflected the integrity of those dopaminergic axons 
passing through the lateral hypothalamus. These data indi- 
cate that the *H-DA uptake by crude synaptosomal prepara- 
tions of striatal tissue from animals injected with KA was not 
significantly different from that of control animals (Fig. 5). 
Therefore, the nigrostriatal fibers of passage in the lateral 
hypothalamus appear to have been spared from the toxic 
effects of the KA injection. 

Because tissue rostral to the caudal border of the optic 
chiasm was removed from each brain for dopamine uptake 
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FIG. 5. Uptake of *H-dopamine by crude synaptosomal preparations 
of striatal tissues nine weeks after bilateral injection of kainic acid 
into the ventrolateral hypothalamus. CONTROLS—Unoperated 
rats and rats that received artificial cerebrospinal fluid injections 
into the ventrolateral hypothalamus. KA—Rats in which kainic acid 
was injected into the ventrolateral hypothalamus (includes rats 
designated LH; and LH, in previous figures). 


FIG. 6. Photomicrograph of a rat hypothalamus that exhibits both 
types of lesions that were produced in these experiments by the local 
injection of kainic acid (Magnification=25x). On one side is pres- 
ent a large lightly stained region of tissue (area within broken lines) 
that is almost devoid of neurons (see body of text). The other side 
contains a region of neuronal loss around the cannula tip (arrow 
indicates location of cannula tip) that usually cannot be observed 
under low magnification. Under higher magnification it can be ob- 
served that complete neuronal loss occurs only in the tissue close to 
the cannula tip and that the farther away from the tip the tissue lies, 
the less extensive is the neuronal loss. 


studies, the brains could not be prepared adequately for a 
complete histological analysis. The primary purpose of the his- 
tological study was to ascertain the location of the cannula 
tracts in relation to structural components of the hypothala- 
mus. The block of brain tissue used for histological prepara- 
tion was obtained by removing tissue dorsal to the corpus 
callosum, lateral to the internal capsule and caudal to the 
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mammillary bodies. The structures present in the tissue 
block were the caudal portion of the corpus striatum, the 
thalamus, subthalamus, hypothalamus, and, in addition, the 
dorsal hippocampus and the medial portion of the amyg- 
daloid complex with the overlying periamygdaloid cortex. 
The appearances of these latter extrahypothalamic struc- 
tures in lesion-bearing brains did not differ from those in 
control brains, except that there may have been a slight 
neuronal loss in a few of the lesion-bearing brains. 

Histological examination of brains receiving KA injec- 
tions and brains receiving sham injections revealed bilateral 
cannula tracts with minor non-specific damage visible along 
the length of the cannula tracts. Non-specific damage due to 
mechanical effects of injection was not evident in brains 
either injected with KA or with artificial CSF. Neuronal loss 
other than that associated with cannula insertion was not 
seen in brains of sham operated control rats that had re- 
ceived injections of only artificial cerebrospinal fluid. 

The size of the area of the lateral hypothalamus exhibiting 
neuronal loss from the local injection of kainic acid varied 
from a small area around the tip of the cannula tract to a large 
region that extended several millimeters in the horizontal, 
vertical, and lateral planes. These large regions usually ap- 
peared as lightly stained areas of tissue when observed with 
the light microscope under low magnification (Fig. 6). Under 
higher magnification, it could be ascertained that these re- 
gions contained many glial cells but were almost devoid of 
neurons. The exact boundaries of the lesions often were dif- 
ficult to ascertain in the thick sections used for these his- 
tological studies. (In general, the wheel-running activity of 
animals with more extensive neuronal loss in the lateral 
hypothalamus was decreased more than that of animals with 
minimal neuronal loss.) 

In all the brains except one into which kainic acid was 
injected, pathological structures were observed outside of 
the region of gliosis produced by the injection of kainic acid 
and the region of penetration by the cannula. Most of these 
structures were located outside of the hypothalamus. There 
was no evidence of an inflammatory tissue reaction associ- 
ated with any of these structures, and, therefore, they prob- 
ably did not result from an infection. The pathological struc- 
tures present seemed to be of two different types, and they 
both appeared to be extracellularly located. One type con- 
sisted of amphophilic spheroid or ovoid structures that were 
dispersed throughout a given region of the brain. The diame- 
ters of the spheroids and the long axes of the ovoids ranged 
usually between 12 and 30 microns. Some of the spheroids 
and ovoids appeared to be laminated. These structures were 
most often found in the reticular nucleus of the thalamus, the 
zona incerta, and the internal capsule. But they were some- 
times observed, also, in the rostral part of the lateral hypo- 
thalamus, the caudate-putamen, the globus pallidus, and the 
subthalamic nucleus. The other type consisted of larger (ap- 
proximately 10 times larger than the spheroids and ovoids) 
amphophilic globular or irregularly shaped structures that 
did not appear to be simply conglomerations of spheroids 
and ovoids. These globular structures were present as dis- 
crete foci within various thalamic nuclei. They were most 
frequently found in the ventral, lateral and dorsomedial nu- 
clei, but they were sometimes present in the gelatinosus, 
paratenial, paraventricular, reticular, reuniens and rhomboid 
nuclei. In some brains they were present, also, in the sub- 
thalamic nucleus and/or the zona incerta. Neither the 
spheroids and ovoids nor the globular structures stained posi- 
tively for iron, calcium or mucopolysaccharides. They both 
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did, however, stain positively for the periodic acid Schiff's 
(PAS) reaction. 

To further characterize the ovoid and spheroid bodies and 
to study their etiology, conventional transmission 
electronmicroscopy (CTEM) and scanning transmission 
electronmicroscopy (STEM) combined with high energy dis- 
persive X-ray analysis were used. The origin of the spheroids 
and ovoids seems to be in the primary lysosomes and 
mitochondria of glial cells and, perhaps, of neuronal termi- 
nals. They seem to originate as small electron dense bodies, 
with the appearance of a cluster of spicules, which seem to 
grow and coalesce with other similar bodies to form the 
spheroids and ovoids that can be observed by the light 
microscope. There is no evidence of tissue destruction 
around these bodies, although some of them appear to be 
surrounded by a clear area. Sometime during the develop- 
ment of these bodies, the cells in which they are located 
apparently die because the ovoids and spheroids observed 
with the light microscope appear to be extracellular. 

Although all of these submicroscopic bodies that coalesce 
to form the spheroids and ovoids are very similar in appear- 
ance, their composition does not seem to be identical. Some 
of them contain large amounts of calcium and phosphorous, 
while others appear to contain very little, if any. There may 
be some relationship between the age of the particles and 
their calcium content because the spheroids and ovoids ob- 
served under the light microscope do not stain positively for 
calcium. However, the calcium content of the submicro- 
scopic particles does not seem to correlate with their size or 
appearance. Some of the very small particles in lysosomes 
and mitochondria have a high content of calcium, while 
others test negative for calcium. The same is true, also, for 
the larger submicroscopic particles formed by the coales- 
cence of these smaller particles. 

After the experiments reported in this paper were com- 
pleted, we were alerted to the fact that there may be 
neuronal loss in the pyriform cortex after the injection of 
kainic acid into the hypothalamus. Since the pyriform cortex 
was not present in the tissue blocks we prepared for histolog- 
ical examination, we could not verify whether or not 
neuronal loss in this structure had occurred in the brains of 
rats used in these experiments. We subsequently injected 
kainic acid into the lateral hypothalamus of rats and ob- 
served that neuronal loss did sometimes occur in the 
pyriform cortex. In fact, the neuronal loss in this structure 
can be quite extensive even though neuronal loss in adjacent 
and nearby structures may be minimal or non-existent. 
Neuronal loss when it did occur in the lateral amygdaloid 
complex and in the ventral hippocampus was not very ex- 
tensive. The olfactory tubercle and nuclei and most of the 
amygdaloid complex did not appear to suffer any neuronal 
loss. 


DISCUSSION 


The changes in wheel-running activity produced by injec- 
tion of KA into the ventrolateral hypothalamus suggest that 
the lateral hypothalamus contains a population of cells that is 
important to the central control of this behavior in rats. As 
was found with electrolytic lesions, destruction of this area 
of the hypothalamus with KA produces a permanent hypo- 
activity. The specific neural elements associated with 
changes in wheel-running behavior following electrolytic le- 
sions are difficult to determine because the structures within 
the lesion site cannot be differentially affected. The use of 
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kainic acid, a selective neurotoxin that can specifically affect 
neurons intrinsic to an injection site while sparing axons of 
passage and afferent nerve terminals [6, 13, 15], provides a 
method by which the effects of intrinsic cell loss on behav- 
iors can be studied. Thus, the results presented herein sup- 
port the hypothesis that the loss of neurons intrinsic to the 
lateral hypothalamus contributes to the hypoactivity ob- 
served after placement of electrolytic lesions in the ven- 
trolateral hypothalamus. However, since rats with elec- 
trolytic lesions seem to be less aware of their external en- 
vironment and their decrease in wheel-running activity is 
somewhat greater [5], damage to fibers of passage and/or 
terminal endings, also, may contribute to the decrease in 
wheel-running activity observed after electrolytic lesions. 

Investigators have suggested that the behaviors which 
characterize the animal with lateral hypothalamic lesions 
might be due specifically to an interruption of the nigro- 
striatal dopamine system [12, 21, 22]. But since the *H-DA 
uptake by striatal synaptosomes from tissues of animals in- 
jected with KA and from tissues of control animals did not 
differ, the terminal dopaminergic innervation of the striatum 
of lesion-bearing animals probably was unaltered. Neither 
have we observed with the electron microscope conclusive 
evidence of axonal destruction in the lateral hypothalamus 
after the local injection of KA (unpublished observation). 
These findings indicate that the hypoactivity seen in our 
study resulted from damage to intrinsic ventrolateral hypo- 
thalamic neurons rather than from damage to the nigro- 
striatal dopamine system. In addition, the hypoactivity 
associated with damage to the nigro-striatal dopamine sys- 
tem, independent of damage to intrinsic lateral hypothalamic 
neurons, is observed only after nearly complete bilateral de- 
struction of this dopaminergic system [4, 17, 22]. In our 
study, it appears that very little, if any, damage was done to 
these projections. Therefore, it seems unlikely that any of 
the decrease in wheel-running produced by KA induced le- 
sions in our experiment can be attributed to the interruption 
of the nigro-striatal dopamine system. 

The data collected in this experiment do not permit one to 
state with absolute assurance that the extra-hypothalamic 
pathological structures observed in the brains of most exper- 
imental animals did not contribute to the decrease in wheel- 
running activity. Nevertheless, there is evidence that a de- 
crease in wheel-running can occur without the presence of 
these structures and that these structures can occur in the 
brains of rats that exhibit no decrease in wheel-running ac- 
tivity. Wheel-running activity was decreased in the one LH; 
rat in which no thalamic pathological structures were 
produced by the intra-hypothalamic injection of kainic acid. 
On the other hand, pathological structures were present in 
the thalami of the five LH, rats that did not exhibit a de- 
crease in wheel-running activity. Thus, the decrease in 
wheel-running activity appears to be more related to the hy- 
pothalamic location of the kainic acid injection than to the 
presence of these extra-hypothalamic pathological struc- 
tures. In support of this conclusion is the observation that 
rats used in other experiments had decreases in wheel- 
running activity after the local infusion of KA into the LH 
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that were of the same magnitude as the ones reported herein 
even though none of these extra-hypothalamic pathological 
structures were observed in their brains (unpublished obser- 
vation). 

This is not to suggest that thalamic damage cannot 
produce a decrease in wheel-running activity. In experi- 
ments in which kainic acid was injected directly into the 
thalamus, it was observed that wheel-running activity usu- 
ally, but not always,.decreased if thalamic damage was ex- 
tensive. In fact, in about half of the animals with extensive 
thalamic damage, wheel-running activity was decreased by 
80% or more. If thalamic damage was smaller (resembling 
the size of the thalamic damage observed in the experiments 
reported in this paper), wheel-running activity usually did 
not decrease (unpublished observation). 

Whether or not neuronal loss in the pyriform cortex oc- 
curred in these experiments was not determined. It cannot 
be assumed that it did occur in all the experimental rats 
because we have observed, in a more recent series of rats, 
that after the injection of kainic acid into the lateral hypo- 
thalamus neuronal loss occurred in the pyriform cortex of 
some rats but not in others. But even if it had occurred in all 
the rats, its contribution to the decrease in wheel-running 
activity observed in all the LH, rats would be questionable. 
We have observed that, after the injection of kainic acid 
directly into the pyriform cortex, the wheel-running activity 
of some rats is decreased below that of controls while that of 
other rats is not. However, neuronal loss in the lateral amyg- 
daloid nuclei occurred, also, in all the brains into which KA 
was injected into the pyriform cortex, and so it may be that 
the neuronal loss in these nuclei caused the decrease in 
wheel-running activity that some of the rats exhibited. It has 
been known for more than 30 years that the placement of 
electrolytic lesions in the lateral amygdaloid nuclei of rats 
produces a decrease in wheel-running activity of approx- 
imately 70% [1]. 

In conclusion, the findings in this study are consistent 
with the hypotheses that the neurons intrinsic to the lateral 
hypothalamus are important in the control of spontaneous 
locomotor activity (wheel-running activity) and that the 
hypothalamus plays an important role in controlling the ex- 
citability of the motor system. However, these results may 
not be definitive because kainic acid injected into the lateral 
hypothalamus often produces destruction of neurons lying in 
structures outside of the hypothalamus, and the possibility 
that damage to one of these extrahypothalamic structures or 
to a combination of them contributes to the decrease in 
wheel-running activity observed after the injection of kainic 
acid into the ventrolateral hypothalamus cannot be com- 
pletely ignored. 
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KRISTAL, M. B., A. C. THOMPSON, S. B. HELLER AND B. R. KOMISARUK. Placenta ingestion enhances 
analgesia produced by vaginal/cervical stimulation in rats. PHYSIOL BEHAV 36(6) 1017-1020, 1986.—Ingestion of placenta 
has previously been shown to enhance opiate-mediated analgesia (measured as tail-flick latency) induced either by mor- 
phine injection or by footshock. The present study was designed to test whether placenta ingestion would enhance the 
partly opiate-mediated analgesia produced by vaginal/cervical stimulation. Nulliparous Sprague-Dawley rats were tested 
for analgesia, using tail-flick latency, during and after vaginal/cervical stimulation; the tests for vaginal/cervical 
stimulation-induced analgesia were administered both before and after the rats ate placenta or ground beef. Placenta 
ingestion, but not beef ingestion, significantly heightened vaginal/cervical stimulation-induced analgesia. A subsequent 
morphine injection provided evidence that, as in a previous report, placenta ingestion, but not beef ingestion, enhanced 


morphine-induced analgesia. 


Placenta Pain Opiates 


Analgesia Parturition Placentophagia VSPA 


Vaginal stimulation-produced analgesia 


Tail-flick test Afterbirth 
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PLACENTOPHAGIA, ingestion of the afterbirth and asso- 
ciated fluids, is a conspicuous feature of parturition in most 
species of placental mammals. Until recently, despite specu- 
lation, a demonstration of any benefit of the behavior had 
been elusive [5]. In 1985, however, evidence was presented 
that ingestion of placenta produced a significant enhance- 
ment of opiate-mediated analgesia [7]. Both morphine- 
induced and footshock-induced analgesia were enhanced by 
ingestion of placenta, whereas ingestion of cookie mash or 
beef was ineffective. Placenta ingestion alone did not 
produce analgesia. Finally, since hindpaw shock-induced 
analgesia is partly mediated by opiates [10], treatment with 
the opiate antagonist naltrexone not only attenuated the 
analgesia produced by hindpaw shock, as expected, but also 
eliminated the enhancement produced by the ingestion of 
placenta. 

Vaginal/cervical stimulation has been shown to produce a 
powerful, reliable, and stimulus-bound analgesia [2,4] that, 
like the analgesia produced by hind-paw shock, is partly 
opiate mediated [9]. The present study was designed to de- 
termine whether placenta ingestion would enhance the 
analgesia produced by vaginal/cervical probing. 





We now report (a) a replication of the finding that 
placenta ingestion enhances morphine-induced analgesia, 
and (b) further evidence that the analgesic effect of endoge- 
nous opiates is enhanced by placenta ingestion. 


METHOD 
Subjects 


Sixteen female Sprague-Dawley albino nulliparae, pur- 
chased from the Charles River Breeding Laboratories 
(Kingston, NY), were raised and tested at the Institute of 
Animal Behavior. The rats were 164 to 195 days of age, and 
were maintained in a colony on a reverse 14-on/10-off light 
cycle, with the light phase beginning at 1930 hr (EST). The 
rats were housed individually in 30x 18 x 18-cm hanging wire 
mesh cages, and except during testing had free access to 
food (Purina Rat Chow) and water. Only rats willing to eat 
both placenta and ground beef were used. Approximately 
50% of the rats pretested were spontaneously placen- 
tophagic. The proportion of placentophages is consistent 
with that previously reported for rats purchased from this 
breeder [6]. Each rat was exposed to placenta for 20 min on 3 
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consecutive days; this was sufficient to induce her to eat 3-4 
g during the 20-min period. On the third day, after placenta 
exposure, each rat was presented with ground beef. All the 
rats ate beef on this presentation. Beef was presented again 
on each of the following two days to equalize the number of 
beef and placenta exposures, and to ensure that the rat 
would eat 3-4 g during a 20-min period. 


Apparatus 


Pain thresholds were assessed by means of a tail-flick test 
[1,3]. We used an IITC Model 33 Tail Flick Analgesia Meter, 
which delivered heat to the rat’s tail while the rat was re- 
strained in a 5x21-cm opaque polyvinyl chloride tube. The 
movement of the tail out of the stimulus field activated a 
photoelectric cell which then shut off a latency timer. The 
latency, in seconds, for the tail-flick response to occur was 
the dependent variable. The sensitivity of the system could 
be varied by changing the intensity of the heat and the sen- 
sitivity of the photoelectric cell. The calibrations on the in- 
strument were in arbitrary units, but were set so that the 
device produced an average tail-flick latency, in normal con- 
trol rats, of about 4.5 sec (beam intensity setting=95). 

Vaginal/cervical stimulation was applied by probing the 
vaginal cervix with a glass rod protruding from the barrel of a 
glass | cc tuberculin syringe. The rod was spring loaded and 
calibrated to deliver 75 g of pressure [2]. Stimulation was 
applied continuously until a tail-flick response occurred or 
until 15 sec had elapsed, to prevent tissue damage to the tail. 


Procedures 


The 16 rats were evenly divided into two groups: tail-flick 
latency was determined in one group after they had ingested 
1.5 g of placenta, and in the other after they had ingested 1.5 
g of ground beef. 

The placenta used was obtained surgically from Day-21 
pregnant donors. Techniques for obtaining, storing, and 
presenting rat placenta have been described in detail 
elsewhere [5,7]. The ground beef was obtained from a local 
retail market, and treated identically to the placenta. 

Vaginal smears were obtained daily, at the end of the 
light phase of the cycle, for the 4 days preceding testing, as 
well as on the day of testing. Rats were assigned to various 
groups so that each group contained the same proportion of 
subjects in diestrus (0.75). 

All testing was conducted on one day, and began 30 min 
after the beginning of the dark phase of the light/dark cycle 
(1000 hr EST). Food was removed from the rat’s cage 2 hr 
before it was tested. 

Each test consisted of 4 tail-flick latency trials, sepa- 
rated by 5-sec intervals; the mean of these trial scores was 
used as the test score. First, each rat was given a series of 
pre-feeding tests, consisting of a baseline tail-flick test 
(Baseline Pre); a test conducted during vaginal/cervical 
stimulation (VS); a test conducted 1 min after the termina- 
tion of vaginal/cervical stimulation (VS+1); and a test con- 
ducted 10 min after the termination of vaginal/cervical stimu- 
lation (VS+10). Next, each rat was exposed for 20 min to 
either 1.5 g placenta or 1.5 g ground beef. Immediately af- 
terward, a post-feeding series of tests was conducted, main- 
taining the same sequence and time course as the pre-feeding 
battery of tests (Baseline Post, VS, VS+1, VS+10). Finally, 
for verification of the enhancing effect of placenta ingestion 
on morphine-induced analgesia, as reported earlier [7], each 
rat was injected with a threshold dose of morphine sulfate (3 
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FIG. 1. Mean tail-flick latencies (+S.E.M.) of placenta-fed and 
beef-fed rats 20 and 30 min after an injection of morphine sulfate (3 
mg/kg, IP). The number in parentheses represents n for that group. 
*=p<0.05. 


mg/kg, IP), and tested for tail-flick latency 26 min and 30 min 
later. The decision to conduct a 30-min test was made after 3 
rats had already passed the 30-min point, thereby reducing 
the number of available subjects by three. 


RESULTS 


All the rats ate all the placenta or beef they were given. 
Although the morphine test was conducted last, we report 
the results of that test first, since those results confirm the 
previous finding that placenta ingestion enhanced opiate- 
mediated analgesia. As seen in Fig. 1, the morphine-treated 
rats that had eaten placenta showed significantly longer 
tail-flick latencies than did the morphine-treated rats that had 
eaten beef, at both 20 and 30 min after injection, 
F(2,24)= 12.65, p<0.01. Furthermore, the tail-flick latencies 
of the beef-fed rats, which had been significantly higher than 
baseline at 20 min (Newman-Keuls, p<0.05), returned to 
baseline range by 30 min (Newman-Keuls, p>0.05). 

The data from the main experiment (summarized in Fig. 
2) were analyzed first as a 3-way ANOVA (Food [Placenta, 
Beef] x Condition [Prefeeding, Postfeeding] x Test), and 
subsequently probed for simple effects with l-way ANOVAs 
and Newman-Keuls analyses. The 3-way ANOVA revealed 
a significant 3-way interaction, F(3,42)=5.43, p<0.005. 

In the Prefeeding condition, there were no differences 
between the placenta group and the beef group on any of the 
four tests: for the Food x Test interaction, F(3,68)<1.0. 
However, in this condition there was an effect of test, 
F(3,42)=63.65, p<0.01, in that vaginal/cervical stimulation 
(VS) produced a significant elevation in tail-flick latency 
(Prefeeding/Both Foods/Baseline, mean=4.27+0.15 sec; Pre- 
feeding/Both Foods/VS, mean=11.29+0.69 sec), Newman- 
Keuls, p<0.05. 

In the Postfeeding series of tests, the tail-flick latencies 
during vaginal/cervical stimulation in the placenta-fed rats 
(Postfeeding/Placenta/VS, mean=12.33+1.17 sec) were sig- 
nificantly greater than those in beef-fed rats (Postfeed- 
ing/Beef/VS, mean=9.99+1.03 sec), F(1,53)=4.99, p<0.05. 
The tail-flick latencies during vaginal/cervical stimulation in the 
placenta-fed rats (Postfeeding/Placenta/VS, mean= 12.33+ 1.17 
sec) were significantly greater than those produced in the same 
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FIG. 2. Mean tail-flick latencies (+S.E.M.) of placenta-fed and 
beef-fed rats before and after feeding, as measured before, during, 
and | min and 10 min after the application of vaginal/cervical stimu- 
lation. (n=8/group; *=p<0.05). 


rats before they had eaten the placenta (Prefeeding/Placen- 
ta/VS, mean=10.45+1.14 sec), F(1,53)=8.15, p<0.01. The 
Prefeeding and Postfeeding baselines, however, were not dif- 
ferent, F(1,53)<1.0. 

In the placenta-fed group, the effect of placenta ingestion 
on analgesia produced by vaginal/cervical stimulation per- 
sisted after the termination of vaginal/cervical stimulation: 
the Postfeeding/Placenta/VS+1 latencies (mean=6.69+ 1.26 
sec) were significantly longer than the Prefeeding/Placen- 
ta/VS+1 latencies (mean=4.65+0.62 sec), F(1,53)=9.39, 
p<0.01. There were no statistically significant differences 
between placenta-fed and beef-fed rats at VS+10, nor was 
there a statistically significant difference within either food 
group between the Prefeeding and Postfeeding conditions at 
VS+10. 

In the beef-fed group, the increased tail-flick latencies 
produced by vaginal/cervical stimulation before feeding (Pre- 
feeding/Beef/VS, mean=12.12+0.71 sec) were significantly 
greater than those produced during vaginal/cervical stimula- 
tion after feeding (Postfeeding/Beef/VS, mean=9.99+ 1.03 
sec), F(1,53)=10.28, p<0.01. 

The 15-sec ceiling artificially reduced the mean latency of 
the Placenta group during vaginal/cervical stimulation in the 
Postfeeding condition. A significantly greater number of the 
trials in this group reached the 15-sec ceiling (19 of 32) than 
had in the Prefeeding condition (11 of 32), Wilcoxon Test (on 
the change, from Pre to Post, in the number of trials/rat that 
reached 15 sec), T=1, p<0.05. The number of trials reaching 
ceiling among beef-fed rats did not change significantly from 
the Prefeeding condition (15 of 32) to the Postfeeding condi- 
tion (9 of 32), Wilcoxon Test, T=5, p>0.05. 


DISCUSSION 


The earlier finding [7] that placenta ingestion enhanced 
analgesia produced by an injection of an exogenous opiate 
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was replicated despite some major differences in procedure: 
(a) albino rather than hooded rats were used; (b) the rats 
were tested during the dark phase rather than the light phase 
of the light/dark cycle; (c) a different tail-flick testing instru- 
ment was used; (d) placenta was eaten 35 min before, rather 
than immediately after, the morphine injection; and (e) the 
experiment was conducted in a different laboratory from the 
one in which the original experiment was run. 

The effect of placenta ingestion on analgesia produced by 
vaginal/cervical stimulation is consistent with the docu- 
mented effect of placenta ingestion on opiate-mediated 
analgesia [7]. Rats fed placenta showed a greater degree and 
longer duration of analgesia than did rats fed nothing (Pre- 
feeding condition), or beef. 

The analgesia produced in beef-fed rats during the 
Postfeeding/Beef/VS test was significantly less than that 
produced in the same rats during the Prefeeding/Beef/VS test 
(see Fig. 2). Two factors can account for this decline. First, 
ingestion has been shown to lower pain thresholds [8], and 
second, repeated (or continuous) vaginal probing has been 
observed to produce adaptation (or habituation) in that pro- 
longed application of vaginal/cervical stimulation leads to 
diminishing analgesia levels [2]. It is important to note that in 
the present experiment placenta ingestion not only protected 
vaginal-stimulation-induced analgesia from diminishing, but 
produced a significant increase in analgesia from the Prefeed- 
ing/VS to the Postfeeding/VS tests. 

Our results suggest, as did the previous report [7], that 
although placenta ingestion enhances opiate-mediated 
analgesia, placenta ingestion itself does not produce 
analgesia. The first reason for drawing this conclusion in the 
present study is that the Postfeeding baseline tail-flick laten- 
cies for placenta-fed rats were not longer than the Prefeeding 
baseline latencies. Second, although the enhancement of 
morphine analgesia was still detectable 45 min after placenta 
ingestion (30 min after morphine injection), no analgesia was 
detectable at VS+10 (approximately 25 min after placenta 
ingestion), despite the fact that the enhancing effect of 
placenta ingestion had already been observable 10 min ear- 
lier. 

Kristal et al. [7] speculated that, for the mother, 
enhancement of opiate analgesia may be a significant conse- 
quence of ingesting placenta and amniotic fluid at delivery. 
Although placenta becomes available to the mother only 
after the fetus emerges, amniotic fluid becomes available 
earlier, and preliminary results from our laboratory indicate 
that ingestion of amniotic fluid, too, enhances analgesia. The 
demonstration that placenta ingestion enhances analgesia 
produced by vaginal/cervical stimulation may also have 
special relevance for the natural situation, since vagi- 
nal/cervical mechanical stimulation occurs normally during 
passage of the fetus through the birth canal. 
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CALVINO, A. M. Perception of sweetness: The effects of concentration and temperature. PHYSIOL BEHAV 36(6) 
1021-1028, 1986.—The shape of the sweetness function remained unaltered when different concentration ranges of sucrose 
were evaluated at different temperatures by either one of two psychophysical methods: magnitude estimation or magnitude 
matching. Results of the sweetness-temperature interaction showed that cool solutions were judged less sweet than warmer 
solutions. Furthermore the rate of growth of sweetness increased with decreasing temperature, but this effect disappeared 
when the concentration reached between 0.4 and 0.5 M. That point coincides with the zone in which sweetness functions 
typically show an inflection point. When Beidler’s taste equation was applied to psychophysical data obtained at constant 
or variable temperature, it was possible to show that sweetness is mediated by an adsorption process rather than an 


enzymatic reaction. 


Sucrose Perceived sweetness 


Adsorption process Beidler’s taste equation 


Concentration ranges 


Taste temperature interactions 





THIS report deals with the stimulus-response (psychophysi- 
cal) function for a widely used sweetener: sucrose. Although 
several earlier studies describe this function [15, 19, 24], 
there is no general consensus on the shape of the sweetness 
function. This paper focuses on the effect of concentration 
range and temperature on the sweetness function of sucrose. 

The effect of concentration range on the rate of growth of 
sensory magnitude was explored in experiments | and 2 by 
means of two psychophysical procedures: magnitude esti- 
mation and magnitude matching. The purpose of the second 
experiment was to learn as much as possible about the shape 
of the sweetness function and to check the psychophysical 
data obtained by magnitude estimation. Experiments 3 and 4 
were designed to study the effect of temperature on the 
sweetness intensity functions obtained by magnitude esti- 
mation. 

When perceived sweetness of sucrose is plotted in log-log 
coordinates as a function of concentration, the function de- 
parts considerably from a straight line at the higher concen- 
trations. This departure may be interpreted either as overall 
curvature or as two straight lines with a knee. In order to 
confirm the shape of the input-output relation for sweetness 
of sucrose one alternative mathematical relationship may be 
considered: the Beidler’s taste equation. This equation has 
been applied to taste receptor responses, using elec- 
trophysiological methods and considering the concentration 
of sucrose, the amount of free receptors and the amount of 
the receptors with sucrose attached. In this way it is possible 
to describe the stimulus-response relation by Beidler’s taste 
equation: 


C/R = C/R,, + 1/K-R,, (D 


where R is the sensory response to a particular concentration 


C expressed in mol/l, R,, is the maximum response at high 
concentration and K is the equilibrium constant. A plot of 
C/R against C should yield a straight line with a slope equal 
to I/R,, and a y-intercept equal to 1/K-R,,. While the mag- 
nitude of maximum response R,, is a measure of both the 
number of total receptor sites available for the sucrose and 
the intrinsic activity of each occupied site, the magnitude of 
the equilibrium constant K only reflects the strength of bind- 
ing of the sucrose to the sweetness receptor site. This hyper- 
bolic relationship is similar in mathematical form to that of 
the Michaelis-Menten equation but are not related physico- 
chemically, since the taste equation is concerned with an 
equilibrium reaction whereas the Michaelis-Menten equation 
describes the velocity of enzyme-substrate reactions [5]. 

Although Beidler’s taste equation was developed in an 
electrophysiological context it is possible to apply this equa- 
tion to the psychophysical responses, assuming that judg- 
ments of sweetness intensity are a reliable index of the 
operating characteristics of the transducer for sweetness in 
man. Certainly there are many influences on the behavior of 
people making intensity judgments but the major assumption 
that underlies the applicability of the taste equation is that 
there is an invariant organization, pattern or meaning of the 
sweetness quality, which can be conveyed from the source 
(the sweet receptor) to the destination (tue sensory impres- 
sion of sweetness) [14,35] independent of the method of 
study. Any variation in sucrose concentration is precisely 
matched by another variation in its psychophysical corre- 
late. Then, this quantitative mathematical relationship can 
be established from recordings of cell potentials as well as to 
psychophysical sweetness data correlated with the quantita- 
tive input-output relation [17,18]. 

From a biophysical point of view this equation may be 
used as an important tool in order to explain the effects of 
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temperature on the sweet response. A number of these 
studies [3, 4, 6, 7], have suggested that neither enzymatic 
reactions nor strong chemical forces are involved in the 
sweetness response. The initial binding interaction appears 
to be weak in nature. The molecules of sucrose may be ad- 
sorbed to receptor sites by reversible hydrogen binding to 
proteins of the cell membrane. Binding data, using 'C- 
labeled sugars [9,10], clearly indicate that the initial binding 
interaction with sugars appears to be very weak, in accord 
with the notion that the sweetness of sugars is mediated by 
hydrogen bonds. 

In addition, the change in free energy, AG, associated with 
the interaction can be calculated using the thermodynamic 
expression: 


AG = —2.3 R-T-log K (II) 


where AG is the change in free energy, R is the gas constant, 
T is absolute temperature, and K is the equilibrium constant. 
Considering the low magnitude of the free energy changes 
associated with an initial adsorption step (0-4 kcal/mol) AG 
values obtained from data of the experiments 3 and 4 allow to 
check the validity of adsorption hypothesis. While adsorp- 
tive processes are nearly independent of temperature, 
enzymatic processes typically show a doubling of the rate of 
reaction with each 10°C increase in temperature [22]. 
Whereas the temperature dependence of psychophysical 
taste responses are still unclear [27] the present study also 
applied the taste equation (I) and the second law of ther- 
modynamics (II) to judgments of sweetness obtained at dif- 
ferent temperature of the solutions in order to assess the kind 
of chemical reactions involved in sweetness reception. 


METHOD 
Subjects 


Subjects were recruited from a pool of students and staff 
of the Laboratory, all of whom had some experience with 
simple taste tests. Fourteen (7 males, 7 females) and twelve 
(6 males, 6 females) subjects participated in experiments | 
and 2 respectively whereas ten subjects (6 males, 4 females) 
judged sweetness in experiments 3 and 4. 


Stimuli 


Solutions of sucrose (commercial grade) were prepared 
with distilled and deionized water. The concentrations em- 
ployed in the four experiments were placed at equal intervals 
along the dimension of log concentration (expressed as per- 
cent by weight or molarity) except the highest concentration 
used in experiment 2. Silicone solutions (Brookfield) with 
viscosities ranging from 5.5 to 95,000 centipoises (cps) at 
25°C and grays varying in reflectance from 12 to 64%, were 
also employed as stimuli in the magnitude matching of exper- 
iment 2. 


Psychophysical Methods 


Magnitude estimation without a prescribed modulus has 
been widely applied and is described in detail in several ear- 
lier studies [32,33]. By means of this procedure the subject 
estimates how much stronger a given stimulus is perceived to 
be relative to a standard stimulus. The task of the observer in 
experiments 1, 3 and 4 was to report the sweetness of each 
sucrose concentration by giving such a numerical estimate. 
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Magnitude matching requires the subjects to make numer- 
ical judgments of stimuli from more than one sensory modal- 
ity on a common scale of perceived magnitude [31]. The task 
of the subjects in experiment 2 was to report: (1) the sweet- 
ness of the sucrose concentrations, (2) the viscosity of 
silicones, and (3) the grayness of squares of gray by rating all 
three sensations on the same scale. 


Procedure 


To assess sweetness intensity, disposable polyethylene 
cups containing 4 ml of the appropriate solution were placed 
in water baths at the chosen temperature. All experiments 
employed the sip-and-spit technique with a rinse before each 
sample. Oral thermal measurements were not made but the 
experimental task was conditioned so that each subject 
sampled the entire contents of the cup as quickly as possible 
after he had removed the stimulus from the water bath. The 
sipping process lasted between 2 and 3 seconds. Between 
samples the subject was required to rinse with water at room 
temperature. Other than the required time to rinse and to 
sample, subjects were instructed to wait about 30 seconds 
between stimuli to avoid oral temperature changes [27]. 

In experiment | sweetness functions were obtained with 
sucrose solutions at body temperature. Three sessions were 
run, one for each concentration range. In each session the 
stimuli were presented in a random order, different from 
subject to subject. By the end of the third session each sub- 
ject judged the samples of each concentration range twice. 

In experiment 2 sucrose solutions were again sipped at 
body temperature. Eighteen stimuli, 6 sucrose solutions, 6 
silicone viscosities and 6 grays were presented in ran- 
domized order to each subject. The subjects made in each one 
of three sessions three judgments of the 18 samples. 

In experiment 3 the effect of temperature on sweetness 
intensity was studied in an across-sessions comparison. 
Each subject made two estimates in a single session of each 
of five concentrations of sucrose at a fixed temperature pre- 
sented in random order. In the following second and third 
sessions, the experiment was repeated varying only the tem- 
perature of the samples, and, of course, the order of presen- 
tation. To compare the sweetness functions, the first sample 
was the same across session, the middle concentration at 
37°C. By the end of the third session the three temperatures, 
7°C, 37°C, and 50°C were tested. 

In experiment 4 the effect of temperature on sweetness 
intensity was evaluated in a within-session comparison. The 
subjects, all but one of whom had participated in the previ- 
ous experiment, served in two sessions. In each session, 
fifteen stimulus solutions (five concentrations at 7°C, 37°C, 
and 50°C) were presented in irregular order of concentration 
and in alternate order of temperature to avoid abrupt 
changes of oral temperature. The first sample was the same 
as that used in experiment 3. 


Data Analysis 


In all experiments the sweetness data are summarized in 
terms of geometric means (G) and sweetness functions were 
adjusted by the least squares method to the best-fitting 
straight line. 

In experiments | and 2 standard errors of arithmetic 
means (SEM) were calculated after applying a modulus 
equalization method [20]. The data for a given subject were 
multiplied by a constant, where the constant was the factor 
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FIG. 1. Perceived sweetness as a function of concentration for each 
concentration range (A: 3.125-50% w/v, B: 5-40% wi/v, C: 3.75-30% 
w/v and D: the composite sweetness function). The coordinates are 
logarithmic. Each point represents a geometric mean of 28 esti- 
mates. The bars indicate standard errors. The best-fitting adjust- 
ments, the slope values and correlation coefficients are shown for 
each curve. 


required to make the geometric mean of the estimates of 
each observer equal to the group mean. 

The sweetness functions obtained in all experiments were 
tested first for normal distribution and homogeneity of vari- 
ance with a x? test, after which they were compared by 
means of an analysis of variance. Furthermore, standard er- 
rors of the slopes were calculated in experiment | [16]. 

The normalization procedure mentioned above preserves 
the ratios assigned by subjects (slope value) but changes the 
intercept value of each individual sweetness function in log- 
log coordinates. In order to avoid this artificial shift of indi- 
vidual intercepts and to preserve the real effect of tempera- 
ture on sweetness intensity another normalization procedure 
was performed in experiments 3 and 4. In these experiments 
all sweetness functions were compared across the intensity 
of the middle concentration at 37°C. 

In order to apply the Beidler’s taste equation to 
psychophysical data, a quotient was obtained between su- 
crose concentration (C) in molar units and psychophysical 
response (R). In experiments 1 and 2 this procedure was 
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FIG. 2. Psychophysical functions for sweetness, grayness and vis- 
cosity. The coordinates are logarithmic. The points represent 
geometric means of 36 estimates, and the bars are standard errors. 
The best-fitting adjustments, the slope values and the correlation 
coefficients are shown for each curve. 


applied to the points that delineate the best-fitting line as 
described above. In experiments 3 and 4 the C/R quotients 
were obtained starting from geometric means of each sub- 
ject. In all experiments the maximum response (R,,) as well 
as the equilibrium constant (K) were obtained. An additional 
parameter, AG was obtained after to apply the second law of 
thermodynamics to the K values. R,, and AG values were 
subjected to another analysis of variance to search for signif- 
icant differences between temperatures and ranges of con- 
centration. 


RESULTS 
The Sweetness Function 


Obtained b, Magnitude estimation. The geometric means 
of sweetness intensity are plotted in log-log coordinates 
against the concentration. Figure 1 presents four sensory 
functions, one for each of the three concentration ranges 
used in experiment | and a general function that is a compo- 
site of the others. Slopes and correlation coefficients, calcu- 
lated from all the individual data, are provided for all the 
functions. 

An ANOVA using the individual slope for each subject at 
each range of concentration uncovered no significant differ- 
ences between the three ranges. The standard errors of the 
three slopes (6,: 0.64, E,: 0.05; 8s: 0.71, Ey: 0.04; B-: 0.71, 
E,,: 0.06) confirmed that there are no significant differences 
between the three ranges and allow a general integration of 
the three sensory functions as it is mentioned above. The 
ranges of concentration were chosen with almost coincident 
lower and upper limits and no overlapping intermediate 
points to get a more reliable sweetness function. 

The sweetness response could also be described by two 
power functions instead of one. The sweetness calculated 
from the three equations are summarized in Table 1. The 
sweetness differences between the observed and calculated 
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TABLE | 


OBSERVED AND CALCULATED SWEETNESS AT VARYING CONCENTRATIONS 
OF SUCROSE 





Sweetness 
Concentration 


(% WIV) 


Observed* 


Calculated? 


Calculatedt 


Calculated§ 





3.36 + 0.36 
3.82 + 0.73 
4.01 + 0.42 
6.26 + 0.40 
6.96 + 0.98 
6.66 + 0.59 
9.99 + 0.55 
12.08 + 1.18 
12.44 + 1.77 
14.84 + 1.23 
16.13 + 1.55 
16.96 + 2.53 
20.11 + 2.65 


Mean + SEM difference 


3.52 (0.16) 
3.97 (0.15) 
4.81 (0.80) 
5.58 (0.68) 
6.30 (0.66) 
7.63 (0.97) 
8.85 (1.14) 
9.99 (2.09) 
12.09 (0.35) 
14.03 (0.81) 
15.84 (0.29) 
19.17 (2.21) 
22.24 (2.13) 


0.96 + 0.21 


3.29 (0.07) 
3.77 (0.05) 
4.68 (0.67) 
5.53 (0.73) 
6.34 (0.62) 
7.87 (1.21) 
9.31 (0.68) 


0.58 + 0.16 


10.44 (0.45) 
11.36 (0.72) 
12.97 (0.53) 
14.38 (0.46) 
15.65 (0.48) 
17.87 (0.91) 
19.81 (0.30) 


0.55 + 0.08 





*Observed sweetness are G + SEM (n=14). 

+Calculation was based on the equation S=1.65 C°-*’. 

tCalculation was based on the equation S=1.40 C®-7. 

§Calculation was based on the equation S=3.25 C°-**, 

Numerals in parentheses indicate the difference between the observed and calculated 


sweetness. 


c/Rr 


CONCENTRATION / RESPONSE 


SUCROSE CONCENTRATION (M) 


FIG. 3. The quotients C/R as a function of concentration in molar 
units. The data are generated from Fig. 1 D (open circles) and Fig. 2 
(closed circles). Both functions show the values of K and R,,. 


sweetness are shown in the parentheses. As indicated by 
these sweetness differences and the mean sweetness differ- 
ence for each equation two straight lines with a knee around 
12.5% w/v of sucrose fit very well to the observed sweetness 
ratings. 

The data obtained in experiments 3 and 4 offer another 
opportunity to check if the shape of the sweetness function 
can be altered when the total function is divided into two 
parts. An inflection point at 12.5% w/v of sucrose was estab- 
lished and two ANOVA tests were designed to uncover sig- 
nificant differences between the low concentration range 
(3.125 to 12.5% wiv), the high concentration range (12.5 to 
50.0% w/v) and the complete range (3.125 to 50.00% w/v) at 
each temperature for the slope and the intercept values. At 


the three temperatures low and high concentration ranges 
showed clear differences. When the slope was analyzed the 
F(5,45)’ values: 6.56 (7°C), 7.81 (37°C), and 14.08 (50°C) 
showed significant differences at p<0.01 for this parameter. 
This finding strongly supports the conclusion that the growth 
of sweetness at the low concentration range is higher than 
the growth at the high concentration range. When intercept 
was analyzed the respective F(5,45)’ values: 3.90 (7°C), 4.14 
(37°C), and 7.52 (S0°C) showed significant differences also at 
p<0.01. 

Obtained by maghitude matching. Figure 2 presents 
psychophysical functions for sweetness, viscosity and gray- 
ness obtained by the method mentioned above. Again the 
sweetness function has the same shape as the sweetness 
functions previously presented. Slopes and correlation coef- 
ficients are provided for all the functions. 

An analysis of variance revealed significant differences 
between the slopes and between the intercepts of the sweet- 
ness, grayness and viscosity functions: F,,,.(2,22)=43.12, 
P<0.01; Fintercept(2,22)= 15.02, p<0.01. It showed that each 
modality presents a characteristic rate of sensory growth and 
also a peculiar relative intensity. Another interesting point is 
to know if both parameters, slope and intercept vary or not 
across the succeeding sessions. Then, the experimental data 
obtained in each session were analyzed individually. In rela- 
tion with the sweetness function the slope (0.69) as well as 
the intercept remained unaltered across the sessions. Al- 
though the intercept values—0.98 for the first session, 1.34 
for the second, and 1.90 for the third—reveal slight incre- 
ment in relative sweetness intensity, there are no significant 
differences when individual data were analyzed by a com- 
mon one-way ANOVA. 
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TABLE 2 


OBSERVED AND CALCULATED C/R AT VARYING CONCENTRATIONS OF SUCROSE 





Concentration 


Observed* 


Calculatedt 


Molar concentration/Psychophysical response 


Calculated? 


Calculated§ 





0.026 + 0.004 
0.028 + 0.008 
0.030 + 0.003 
0.033 + 0.003 
0.035 + 0.004 
0.038 + 0.002 
0.041 + 0.001 
0.044 + 0.004 
0.048 + 0.005 
0.052 + 0.003 
0.055 + 0.005 
0.061 + 0.005 
0.066 + 0.007 


Mean + SEM difference 


0.031 (0.005) 
0.031 (0.003) 
0.032 (0.002) 
0.033 (0.000) 
0.034 (0.001) 
0.036 (0.002) 
0.039 (0.002) 
0.041 (0.003) 
0.045 (0.003) 
0.049 (0.003) 
0.053 (0.002) 
0.062 (0.001) 
0.070 (0.004) 


2.10"? + 4.104 


0.027 (0.001) 
0.028 (0.000) 
0.030 (0.000) 
0.032 (0.001) 
0.034 (0.001) 
0.037 (0.001) 
0.041 (0.000) 
0.045 (0.001) 


6.10-* + 2.10-* 


0.049 (0.001) 
0.052 (0.000) 
0.055 (0.000) 
0.061 (0.000) 
0.066 (0.000) 


2.10 + 2.10 





*Observed C/R quotients are G + SEM (n=14). 
*Calculation was based on the equation C/R = C/34.6 + 1/35.62. 
Calculation was based on the equation C/R = C/19.6 + 1/45.08. 
§Calculation was based on the equation C/R = C/51.1 + 1/30.66. 
Numerals in parentheses indicate the difference between the observed and calculated C/R. 


TABLE 3 





Concentration Ranges, 


Temperature and 
Experiment 


Slope 
(1/R,,) 


Intercept AG* 
(1/K-R,,) (kcal/mol) 





0.091-1.462 M 
7°C, Exp 3 
7°C, Exp 4 

37°C, Exp 3 
37°C, Exp 4 
50°C, Exp 3 
50°C, Exp 4 


0.091-0.366 M 
7°C, Exp 3 
7°C, Exp 4 

37°C, Exp 3 
37°C, Exp 4 
50°C, Exp 3 
50°C, Exp 4 


0.366-1.462 M 


0.0260 + 0.0059 
0.0194 + 0.0058 
0.0296 + 0.0056 
0.0301 + 0.0072 
0.0316 + 0.0055 
0.0303 + 0.0072 


0.0344 + 0.0046 
0.0367 + 0.0054 
0.0222 + 0.0063 
0.0276 + 0.0040 
0.0274 + 0.0040 
0.0262 + 0.0039 


+0.525 
+0.150 (n=8) 
—0.277 
—0.094 (n=9) 
—0.094 
—0.074 


—0.0094 + 0.0220 
—0.0230 + 0.0193 
0.0146 + 0.0170 
0.0139 + 0.0225 
0.0020 + 0.0165 
0.0200 + 0.0185 


0.0499 + 0.0086 — 
0.0449 + 0.0076 -- 
0.0251 + 0.0086 —0.8344 
0.0301 + 0.0077 —0.6234 
0.0333 + 0.0066 —0.298 (n=6) 
0.0281 + 0.0061 —0.432¢ (n=8) 


7°C, Exp 3 
7°C, Exp 4 
37°C, Exp 3 
37°C, Exp 4 
50°C, Exp 3 
50°C, Exp 4 


0.0344 + 0.0053 

0.0250 + 0.0053 67.68 
0.0321 + 0.0044 37.46 
0.0304 + 0.0053 54.03 
0.0362 + 0.0043 30.52 
0.0311 + 0.0067 78.05 


0.0246 + 0.0029 
0.0302 + 0.0056 
0.0191 + 0.0051 
0.0271 + 0.0016 
0.0221 + 0.0029 
0.0253 + 0.0042 


—0.138 
+0.169 
—0.463 
+0.262t 
—0.319 
—0.017¢ 





*AG = —2.3 RT log K. 
+These values were taken from fitting Beidler’s taste equation to the averaged individual data. 
tSignificant differences at p<0.01. 
Slope and intercept values are mean + SEM (when not specified n= 10). 
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FIG. 4. Sweetness functions at different temperatures obtained in 
experiment 3. I: The three functions are shown shifted successively 
to the right by half log unit to make the data easier to see. Beneath 
each curve are given the values of the best-fitting power function. II: 
The functions are shown overlapping in log-log coordinates. Each 
point represents the geometric mean of 20 estimates and the bars are 
standard errors. 


Obtained by the C/R vs. C plot. The concentration values 
shown in Figs. | and 2 were expressed in molar units and 
were divided by their respective sweetness ratings to obtain 
the C/R values shown in Fig. 3. It is interesting to look at 
the shape of both sweetness functions. A single or two func- 
tions can be fitted to the results obtained. Open circles depict 
the data obtained by magnitude estimation in experiment 1. 
The zone near 0.5 M contains a point of inflection between 
two functions: a steeper one at the lower concentration range 
and a flatter one at the higher concentration range. The ob- 
served C/R+SEM values and the C/R values calculated from 
a single or two functions are summarized in Table 2. The 
differences between the observed and calculated C/R are 
shown in the parentheses. As indicated by these differences 
two functions fit very well to the observed C/R values. 

Closed circles depict magnitude matching data obtained 
in experiment 2. Again two functions were considered to 
account for the results reasonably well: one was found be- 
tween 0.0625 and 0.25 M, and another was obtained between 
0.25 and 1.5 M. 

It is also possible to determine the presence of two sweet- 
ness functions with the transformed psychophysical data ob- 
tained in experiments 3 and 4 as mentioned in the Data 
Analysis section. This was achieved by using the middle 
concentration as the breakpoint between two lines. 

Table 3 summarizes the average maximal response (R,,) 
and average AG values obtained from the slope and the 
intercept of the Beidler’s taste equation fitted to individual 
geometric means for each concentration range at 7°, 37°, and 
50°C. The R,, and AG at 7°C, low range are not given because 
the slope of the taste equation show a negative value, then 
the values obtained for R,, and K have no real biophysical 
meaning. 

Two ANOVA tests were performed to compare R,, and 
AG across the three concentration ranges. When an ANOVA 
test was applied to R,, data no significant differences were 
found between the three concentration ranges at all thermal 
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FIG. 5. Sweetness functions at different temperatures obtained in 
experiment 4. I and II are as in Fig. 4. 


conditions. Differences between AG values were found when 
comparisons between high and low concentration ranges 
were made at 37°C, F(5,39)=2.96, p<0.05; and 50°C, 
F(5,39)=3.67, p<0.01. In both cases AG took a more nega- 
tive magnitude at low concentration range. 


Effects of Temperature on Sweetness Intensity 


The psychophysical functions for sweetness intensity at 
different temperatures obtained in experiments 3 and 4 are 
given in Figs. 4 and 5. In both figures the first portion de- 
picts data displaced by half log steps, to make the individual 
functions easier to see, and shows the values of slope and 
intercept of the best-fitting straight line at each temperature. 
The second portion shows the data as they were obtained in 
each experiment. 

The results of experiments 3 and 4 were analyzed sepa- 
rately with two ANOVA tests to check for significant effects 
of temperature on the shape of the sweetness function and on 
the intercept values. 

Sweetness functions obtained across sessions showed 
significant differences between 7° and 37°C, F(2,18)=4.01 
and 3.81, p<0.05, for slope and intercept, respectively. Al- 
though sucrose at 37°C is sweeter than sucrose at 7°C the 
sweetness of cold solutions (7°C) increases more rapidly with 
concentration than the sweetness of tepid solutions (37°C). 

Sweetness functions obtained within sessions showed 
significant differences between 7° and 37°C and also between 
7° and 50°C, F(2,18)=6.99 and 6.95, p<0.01, for slope and 
intercept, respectively. Again, solutions at 37°C or 50°C are 
sweeter than solutions at 7°C but their functions grow less 
rapidly with concentration than the sweetness at 7°C. 

Slope and intercept of Beidler’s taste equation were 
analyzed by another two ANOVA tests. These results 
showed no significant effect of temperature on the relative 
magnitude of both parameters. Thus, R,, and AG values, 
obtained from the transformed psychophysical data (C/R), 
are not affected by warming or cooling the sweet solutions. 





PERCEPTION OF SWEETNESS 


DISCUSSION 
The Shape of the Sweetness Function 


A number of studies [8, 23, 25] have suggested that the 
sweetness of sucrose grows as a power function of concen- 
tration. However, the present results indicate that the data 
are better fitted by two power functions. In log-log coordi- 
nates the functions seem to consist of two straight lines: a 
steep one describing the growth of sweetness at low concen- 
trations and a flatter one describing the growth of sweetness 
at higher concentrations. A previously reported cross mo- 
dality matching between sweetness and grayness [11] yielded 
an equal intensity function with an inflection point similar to 
the one reported here. The intersection point of these two 
lines occurs, for the different experiments, between 0.4 and 
0.5 M of sucrose. 

This intersection point seems consistent across various 
studies. Thus, Meiselman [23] employed a range of concen- 
tration between 0.025 and 1.6 M and obtained a general ex- 
ponent of 0.7 for sucrose sweetness, similar to the one ob- 
tained here. However, for concentrations above 0.4 M the 
rate of sweetness growth dropped below the rate for the 
lower concentrations (0.025 to 0.4 M). In a similar way the 
results of Borg et al. [8] also show a break in the function at 
approximately 10% w/v. This study is important not only 
because it shows the dependence of sensation intensity on 
sucrose concentration, but also because the neural response 
to the stimulus shows the same phenomenon. Furthermore, 
the results of Kroeze [19] and Lawless and Skinner [21] sup- 
port the existence of an inflection point placed near 0.32 M. 

To confirm the presence of differences in sweetness per- 
ception according to the concentration range the Beidler’s 
taste equation offered another way to relate response mag- 
nitude to stimulus concentration. When the data obtained by 
magnitude estimation were plotted on linear coordinates, 
lower concentrations departed from a straight line and re- 
sulted in a curvilinear form. A similar finding was made 
when the points of the sweetness function obtained by linear 
regression (the general power function with an exponent of 
0.7) were transformed and adjusted to the Beidler’s equa- 
tion. In both cases two equilibrium constants and two maxi- 
mal responses describe very well the results, again with an 
inflection point at 0.5 M of sucrose (see Fig. 3 and Table 2). 

One report of this effect has suggested that more than one 
quality may be associated with such stimuli [34]. Since su- 
crose presents a clear and unique sweetness quality, the 
break point is not found to correlate with mixed taste stimuli. 
If two different types of receptor sites are not involved in the 
transduction process, then the break point may be due to a 
different processing of the sweetness stimuli, depending on 
the concentration range of the sucrose solutions. 

Finally, the deviations from linearity of the stimulus- 
response function of sucrose may be ascribed to the viscos- 
ity of the sucrose solutions. This factor could explain the 
break point of the psychophysical sucrose function plotted 
on log-log coordinates because the increase of the viscosity 
of the sweet solution may affect the diffusion rate or ac- 
cessibility of the sucrose molecules to the taste receptor site. 
As pointed out in several studies [1, 12, 28] a relative de- 
crease in the perceived sweetness intensity occurred as a 
consequence of the thickening produced by gums or gels. 
However, the intrinsic viscosity of sucrose solutions used in 
the present work (1-5 cps) does not reach the viscosity level 
that could affect the perceived sweetness intensity. From the 
results reported here it seems that none of the factors dis- 
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cussed above contributes to the break point and it is highly 
probable that the psychophysical sucrose function is intrin- 
sically curved [13]. 

In the light of the evidence discussed it seems that the 
psychophysical function is linear, or even positively accel- 
erated, at low levels of concentration and negatively accel- 
erated at high levels of concentration. Although the sweet- 
ness intensity of sucrose is not well described by a single 
power function, the downward curved psychophysical func- 
tion can be satisfactorily approximated by two power func- 
tions. 


The Effects of Temperature on Sweetness of Sucrose 


The results of experiments 3 and 4 show that a con- 
vergence phenomenon occurs, at all temperatures, when the 
concentration increases. This raises the possibility that the 
effect of temperature disappears when a certain level of con- 
centration is reached. 

This conclusion agrees partially with the results of Paulus 
and Reisch [29]. In their study of the effects of temperature 
on threshold values, they assumed that 18% w/v was the 
terminal threshold concentration and temperature had no ef- 
fect at this level of concentration. Perhaps their procedure 
lowered the perceived upper limit of sweetness through an 
adaptation phenomenon. Furthermore the data obtained 
here confirm Moskowitz and Bartoshuk’s results [2,26]. 
Moskowitz [26] showed that the exponent for sucrose does 
not change with temperature, but he also suggested that the 
relative sweetness, represented in the Stevens’ equation [32] 
by the intercept value, varies with temperature. Bartoshuk ef 
al. [2] have presented a series of experiments concluding that 
lower concentrations are judged to gain in sweetness as tem- 
perature increases. This effect diminishes with progressively 
higher concentrations and finally becomes negligible at about 
0.5 M, where the sweetness functions converge. It may be 
concluded, according to Shallenberger and Acree [30], that if 
a rise in temperature is accompanied by conformational 
changes in the sugar stimulus that increases sweetness in- 
tensity, then some limiting effect must operate, when con- 
centrations reach or exceed 0.5 M, affecting the access of 
stimulus molecule. 

Although the results obtained both within and across ses- 
sions show good agreement, experiment 4 provides more 
complete information about the interaction of sweetness and 
temperature. When comparisons of sweetress intensity at 
different temperatures were made across sessions, only at 7° 
and 37°C there were significant differences for slope and 
intercept values. When similar comparisons were made in 
the same session, in addition to the above mentioned differ- 
ence, the comparison between 7° and 50°C also produced 
significant differences for both slope and intercept values. 
This finding suggests that it was easier to discriminate 
sweetness differences when the temperatures were varied in 
the same session. 

An analysis of the data of experiments 3 or 4, presented in 
Table 3, can explain the results in terms of the maximal 
response (R,,,) and the changes in free energy (AG). A com- 
parison between the total concentration range, 0.091 to 1.462 
M, the lower concentration range, 0.091 to 0.366 M, and the 
higher concentration range, 0.366 to 1.462 M was made for 
all experimental conditions. The results for R,, show that the 
maximal response to sweetness is indifferent to changes in 
temperature at either of the three concentration ranges. 

As stated above AG and K values (related by the second 
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law of thermodynamics) reflect the magnitude of the binding 
force between the molecule of sucrose and the receptor site. 
The values of the change in free energy (AG) showed in 
Table 3 are low. This implies that the molecule of sucrose is 


adsorbed to the receptor. In other words, attractive forces 
are small and it might confirm that sweetness perception take 
place by an initial adsorptive process rather than an 
enzymatic reaction. 
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FANTA-FEOFILOFF, E., D. R. pe B. EIRAS, A. T. BOSCARDIM AND M. LACERDA-KRAMBECK. Effect of salinity on 
the behavior and oxygen consumption of Mugil curema (Pisces, Mugilidae). PHYSIOL BEHAV 36(6) 1029-1034, 1986.— 
White mullet fingerlings (Mugil curema) occur together with freshwater species, of the Poeciliidae and Characidae, in a 
pond neighboring the beach at Pontal do Sul (Parana, Brasil). They tolerate changes in water quality during the year, 
brought about by the action of rains, waves and tides. When acclimating in the laboratory to various salinities, the highest 
survival rate for Mugil curema fingerlings (2.3 to 9.7 cm) is obtained at 8.5%e salinity for temperatures between 13 and 30°C. 
M. curema fingerlings do not survive in freshwater. The behavior of the individuals and of the group was related to the 
acclimation salinity in different temperature ranges. The most stressing condition, with highest oxygen consumption, was 
at 1.7% salinity; the equilibrium point between the internal and the external medium, with the lowest oxygen uptake, per 


gram fish, in one hour, was recorded at 8.5%e salinity. 


Fish Mugilidae Salinity stress Behavior 


Oxygen consumption 





MANY fish, including the mullets (Pisces, Mugilidae), are 
capable, at some point in their life history, of moving be- 
tween sea water and freshwater [3]. This transition requires a 
complete reversal of salt movements across the gills, as well 
as many internal adaptations for osmoconformers and os- 
moregulators [11]. The tolerance of fish to environmental 
changes in temperatures and oxygen content may differ de- 
pending on water salinity. External symptoms in the individ- 
ual and in the behavior of the school reflecting environ- 
mental conditions may be used as general indices of the wel- 
fare of the animal. The same principles are used in toxicity 
tests [20] to evaluate relative importance of different condi- 
tions. 

As is common in the mullet genus Mugil [12,15], Mugil 
curema fingerlings are found in a pond close to the beach of 
Pontal do Sul (Parana, Brasil), where the environment is 
highly variable. There may be influx of sea water via high 
tides or breakers, as well as freshwater via rains that may 
establish temporary connections with a river. 

Cultivation of Mugilidae has been attempted in many lab- 
oratories throughout the world, either in sea or in fresh water 





[1,7]. This species ranks third in economic importance 
among the Mugilidae of the Brazilian coast [15]. Thus, for 
cultivation purposes it is important to obtain reliable infor- 
mation not only about their natural occurrence and biology, 
but also about tolerance levels, and behavior under different 
environmental conditions. Such data will allow a better un- 
derstanding of the behavior and the environmental require- 
ments of each species. 


METHOD 
Field Studies 


From August (winter) to February (summer), field studies 
were carried out in a pond at Pontal do Sul (25° 35’ 2” South 
and 48° 22’ 55” West), of Mugil curema fingerlings, with a 
minimum length of 2.3 cm and maximum of 9.7 cm. 

Twice a week, water temperature and salinity were meas- 
ured; the water volume, the connections with the sea or 
mangrove river, the rain fall and the degree of dryness of the 
pond were recorded; the entry of fish species was monitored. 

The fish specimens were collected with small-meshed 
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TABLE 1 


NORMAL BEHAVIOR OF MUGIL CUREMA FINGERLINGS ACCLIMATED AT DIFFERENT 
TEMPERATURES IN DIFFERENT SALINITIES 
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Observations were made for 10 minutes at each hour, for 20 days. Mean daily values were taken. 
Breathing was counted by taking the opercular movements in one minute (op/min). 


fishing nets; phyto and zooplankton and small organisms 
near the pond bottom were collected with plankton nets. 


Laboratory Procedures 


Experiment 1. Specimens of the freshwater species As- 
tyanax unifasciatus (Characidae, Teleostei) and Poecilia viv- 
ipara (Poeciliidae, Teleostei) were maintained for 24 hours in 
well-aerated water from the pond at a temperature of 19°C 
and a salinity approaching zero. Ten specimens of each spe- 
cies were suddenly exposed to each one of the test salinities 
(0.0, 4.0, 12.0 and 30.0%) in 80-liter aquaria, maintained at 
constant temperature (19°C). Survival times were recorded 
and times exceeding 48 hours were taken as infinite. 

Experiment 2. Mugil curema fingerlings were maintained 
in 60-liter aquaria, under a 12/12 hour photoperiod, with a 
temperature of 20°C and salinity of 17%, and fed food pellets 
twice a day at 8:30 a.m. and 5:30 p.m. for acclimation to the 
laboratory. After one week, 10 animals were gradually intro- 
duced into each one of the experimental aquaria, with 
salinities of 0.0, 1.7, 8.5, 17.0 and 34.0%, at constant tem- 
peratures ranging from 13 to 30°C for each salinity. During 
one month, in addition to measuring the survival at different 
conditions, the behavior was observed during a 10-minute 
period of each hour of the day [4,20]: the swimming and 
resting activities, feeding behavior, position in the water, 
color and breathing frequency of each animal, as well as 
school formation were recorded, counted or described. 


SURVIVAL (%o) 





T 
340 
SALINITY (Go) 


FIG. 1. Survival of Mugil curema fingerlings at 20°C and different 
acclimation salinities, in 1 month. 


Experiment 3. The effect of different salinities on the oxy- 
gen consumption by 5 individuals of M. curema was meas- 
ured in a special respiratory chamber [13] at 20°C. The 
animals studied acclimated for 30 days at 4 different 
salinities, each with a constant temperature of 20°C, 12/12 
photoperiod and twice-daily feedings. Fingerlings with a 
mean length of 8 cm and a mean weight of 10 g were selected. 
The salinity was measured by a conductivity cell, the oxygen 
content of the water through a Clark electrode, the pH by a 
PH electrode and the temperature by a thermal sensor; all 
instruments were connected to a water monitoring unit [13]. 





SALINITY STRESS AND FISH BEHAVIOR 


TABLE 2 


TOTAL OXYGEN CONSUMPTION AND BEHAVIOR UNDER DECREASING OXYGEN CONTENT OF THE WATER, FOR M. CUREMA 
FINGERLINGS AT 20°C, AND DIFFERENT SALINITIES 
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The values were read directly every 5 minutes. The behav- 
ior, symptoms of anoxia, as well as breathing frequency 
were described during the experiment. 


RESULTS 
Description of the Natural Environment 


The pond is surrounded most predominantly by the fol- 
lowing vegetation: Polygala sp (Polyfalaceae), Baccharis 
triplinervia (Compositae), Ipomoea pes-caprae (Convol- 
vulaceae) and Hydrocotile bonarensis (Umbelliferae). 

The lowest winter temperature of the water was 13.5°C 
and the highest summer temperature was 28.0°C. 

The salinity in the pond varies during the year. Due to 
high tides or strong breakers, sea water may enter the pond, 
along with marine species. At such times, the salinity 
reaches the highest values (11.0%0). During heavy rain falls, 
the level of the pond increases, and a connection with the 
Pereque river is established. At this time, freshwater species 
may enter and salinity decreases to almost zero. At the be- 
ginning of the summer, this connection dries to some extent 
and later, during mid-summer, the pond dries completely. 

Colonization begins with high tide waves which bring in 
many white mullet fingerlings. At this time there are no other 
fish species in the pond. After one week of summer rains, 
once again the water of the river Pereque enters the pond and 
freshwater species are introduced. 

The following fish species occur in the pond, in decreas- 
ing order of frequency: Mugil curema fingerlings 
(Mugilidae), Poecilia vivipara (Poeciliidae), Astyanax un- 
ifasciatus (Characidae) and young Holplias malabarichus 
(Characidae). Only the latter, in larval form, was present in 
the plankton, together with larvae of Lepidoptera (Insecta) 
and Daphnidae (Crustacea), as well as species of the phylum 
Rotifera. The phytoplankton contains some Diatomaceae 
(Synedra sp), Chloroficeae and Cianoficeae (Oscillatoria sp 
and Anabaena sp). 


Resistance of Freshwater Species to Sudden Exposure to 
Different Salinities 


Poecilia vivipara survived for more than 24 hours in 
salinities of 0.0, 4.0 and 12.0%, dying after 24 hours when 
suddenly exposed to a salinity of 30.0%bo. 

Astyanax unifasciatus survived for infinite time only in 
freshwater: at 4.0%o the time of survival was reduced to 12 
hours; at 12%o to 3 hours; and at 30%e to 2 hours. 


POg (mm Hg) 
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FIG. 2. Oxygen consumption by Mugil curema fingerlings at differ- 
ent salinities. Different fish populations were first acclimated for 30 
days at specific salinities. The surviving population was then used 
for the measurements of oxygen consumption. The fish (5 individu- 
als for each salinity, with an average length of 8.3 cm and fresh 
weight 10 g) were removed from the original aquarium and trans- 
ferred to the measuring chamber. After 60 minutes of acclimation in 
the new environment, at the same salinity, with continuous aeration 
of the water medium, the aeration was interrupted, the chamber was 
closed and the measurements of oxygen consumption started. 


Holplias malabarichus was rarely found in the pond. 
Therefore, this species was not tested. 


Behavior of Mugil curema Fingerlings Acclimated to 
Different Salinities and Temperatures 


Taking the school as a whole, and analyzing the behavior 
of 10 individuals of mean length of 8 cm and mean fresh 
weight of 10 g, for each combination of salinity and tempera- 
ture, a characteristic pattern was observed in each situation 
(Table 1). 

The total survival after one month, under laboratory 
conditions varied according to the salinities of acclimation 
(Fig. 1). 

The different patterns of behavior show that the animals 
are not equally adapted to every salinity or temperature. It 
was also evident that both factors interact. The Mugil 
curema fingerlings eat less at temperatures under 20°C and at 
salinities as low as 1.7%0o; at 0%e they do not eat at all. At 
higher temperatures, the higher the salinity the more the 
eating behavior of the animals. The respiratory frequency 
increases as the temperature rises, in all salinities; consider- 
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FIG. 3. Percent of the oxygen consumed by Mugil curema finger- 
lings acclimated at different salinities after 10 minutes, assuming the 
final concentration of O, as 100%. 


ing only the salinities, the lowest rate is at 1.7%o and the 
greatest at 34%. The greatest swimming speed is at salinities 
of 1.7 and 34%o, and the lowest at 17%o, depending on the 
temperatures, being higher at p.m. than at a.m. The greatest 
amount of resting time is at 1.7%o, for more than 50% of the 
time, depending on the time of day. The typical school for- 
mation occurs at all temperatures at a salinity of 8.5%o; for 
higher salinities only at temperatures over 20°C and at 1.7%0 
salinity, for temperatures under 20°C. 


Oxygen Consumption and Symptoms of Anoxia for Mugil 
curema Fingerlings Acclimated at Different Salinities 


The results on the oxygen consumption and the occur- 
rence of the first symptom (T,) as well as the highest fre- 
quency of symptoms during anoxia, are in Table 2, and Figs. 


2, 3, 4, and 5. 

The highest oxygen consumption was obtained for 
animals acclimated at the salinity of 1.7%, followed by those 
from salinity 34%. The lowest one was for animals at salinity 
8.5%o (Fig. 4). But, after the first 10 minutes, the highest 
consumption was for 8.5% (Fig. 3). 

The symptoms of escaping were present at salinity 1.7%o 
since the first 5 minutes, at a point at which only 24% of the 
oxygen was consumed. The smallest number of escaping was 
recorded for salinities of 17 and 8.5%e, when the oxygen 
concentration was low, between 61 and 53 mmHg. 

Loss of coordination could be observed at the salinity of 
1.7%e during most of all the process (from 107 to 16.5 
mmHg of PO.). It has been observed only once at low oxy- 
gen concentration for 17 and 8.5%vo. 

Jumping movements were observed more for salinities of 
8.5%o where they occurred since the first 5 minutes until the 
end of the experiment. At the other salinities, the animals 
were not as active. 

Tremble of the whole body was mainly observed for ex- 
treme salinities, and was rare at 8.5%o. 

The loss of equilibrium was more frequent at lower 
salinities and appeared only at the end of the experiment, 
being not observed at 17%o, as well as the S and U shaped 
tortions of the body. 

The irregular breathing rhythm starts later as the salinity 
is lowered: at 34%e it may be observed from the beginning 
and at 1.7% it starts only at the end of the experiment. 
Yawning was not observed at 8.5%o; double respiration was 
more frequent at 17% as well as deep respiration. 

At 17 and 8.5%o resting with the head at a higher level than 
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FIG. 4. Total oxygen consumption in 1 hour per gram of Mugil 
curema fingerlings acclimated at different salinities. 


the rest of the body was observed; only at 1.7% the animals 
remained with the mouth at the surface of the water for long 
periods. Normal resting occurred in a higher proportion dur- 
ing swimming activities for animals in salinities 17 and 8.5%o. 


DISCUSSION 


The pond where Mugil curema fingerlings were observed 
is a typical brackish environment, with bordering halophyte 
vegetation [2,9] adapted to certain concentrations of NaCl in 
both the air and soil. In the same way, the pond contains 
phyto and zooplankton species capable of adjusting to 
changes in the salt content in the water [8,9] as well as some 
species which are typical of freshwater communities. 

The connections established with the river or the ocean 
allow the entrance of small or young fish from both environ- 
ments, which either die or adjust to the different water qual- 
ity of the new environment. Among fish species, the fresh- 
water Holplias malabarichus is characteristic of ponds and 
swamps, burrowing in the mud when the pond dries [8]. This 
may explain the popular folk lore that in this pond the fish 
are born from the grass or the sand. Under laboratory condi- 
tions the fish Poecilia vivipara survives in all salinities nor- 
mally occurring in this pond during the year. This is why, 
besides Mugil curema, they are the most common species in 
the pond. Others, such as Astyanax unifasciatus, only sur- 
vive in salinities lower than 4%o, if suddenly exposed to it, 
but may possibly adjust if the exposure to salt water is 
gradual, or tolerate the salinity if exposure to it is limited to 
brief periods. 

The only salt water fish species occurring in the pond 
belongs to the genus Mugil. It seems to adjust to changes in 
the environment, and is considered a euryhaline [12]. 

The reasons why some fish species change their environ- 
ment are not well known. Mugil adults migrate from their 
typical estuarine environment habitat into offshore waters 
for spawning [7], and within a week after hatching, the larvae 
grow into post-larvae (20 to 30 mm in length), migrate in- 
shore, enter grassy areas of sequestered brackish water 
bays, and search for food [14]. So, it can be observed that 
fingerlings of Mugil curema enter the pond, with a minimum 
length of 2.3 cm. It is known that some differences are found 
in the lipid composition, between marine and freshwater 
specimens of fish, apparently resulting from differences in 
the diet [12]. This may be the reason why, at some point in its 
development, fish of this species are compelled to enter 
freshwater, an environment that may allow better growth, 
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FIG. 5. Sequence of symptoms along the oxygen consumption of 
Mugil curema fingerlings, at different salinities and 20°C tempera- 
ture. DDR—double respiratory movements; FR—forced resting; 
FS—forced swimming; Head high—body position during resting 
period with the head higher as the tail; IR— irregular respiratory 
rhythm; Loss CRD—loss of coordination for swimming; Loss 
EQ—fish loses the equilibrium of the body during resting as well as 
swimming periods; R—resting; RR—regular respiratory rhythm; 
S—swimming; SU—tortions of the body S and U shaped; 
Surface—mouth at the surface for long periods, the body hanging at 
an angle of 45 to 90°; T-—PO.when the first symptom of anoxia was 
observed; T),.—PO, after one hour of oxygen consumption; Tp— 
initial time with the water saturated with oxygen from the air; 
Trembling—trembling of the whole body. 


due to improved quality of the food. M. curema eat algae 
such as Diatomaceas, Cloroficeae and Cianoficeae [6,16], 
which are all present in the pond. At the same time, it was 
observed that the salinity of 34%o is stressing for M. curema 
of 2.3 to 9.7 cm size. Thus, at this stage of development they 
may be adapted to live in brackish water, since members of 
the genus Mugil are known to typically inhabit environments 
with low salinities [14]. But, as could be detected, a certain 
amount of salt in the water is necessary for their survival, 
because freshwater is lethal for them. Even in the so-called 
freshwater situation, small amounts of salt are present be- 
cause wind carries salt droplets from nearby breaking waves. 
As Mugil curema feed on the bottom mud of freshwater 
ponds, they may also obtain some salt by absorption through 
the gut, lowering the salinity stress. This situation differs 
from laboratory conditions in which animals are adapted to a 
fixed salinity and fed with food pellets containing low con- 
centrations of NaCl. 
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The introduction of fingerlings to freshwater requires 
some physiological adaptations in salt metabolism and, de- 
pending on the environmental conditions, it may cause a 
significant stress to the animal. The mechanism of salt bal- 
ance in fish has been explained by many authors [3, 5, 11, 
12], and both sea and freshwater fish usually maintain their 
body fluids at ionic concentrations different from that of the 
environment. Sea water fish oppose the tendency to be de- 
hydrated by the relatively strong salt solution in which they 
live, by drinking sea water and excreting the excess salts 
(Na+ and Cl—) by chloride cells located in the gills. 

Freshwater fish manage not to become swollen by 
producing approximately ten times the volume of urine of 
marine fish [3,12]. 

The mechanism to keep the salt level inside the body in 
equilibrium with the external medium is energy dependent; 
the greater the difference between the salt content of the 
medium and that of the body, the more energy and oxygen is 
required for the necessary regulating mechanisms. Therefore 
the point at which the oxygen consumption is the lowest, 
corresponds to the equilibrium point between the external 
and internal medium. On the other hand, the point where the 
oxygen consumption is the greatest corresponds to the point 
of greatest stress. 

According to Fig. 3, extreme values (75% and 15%) for 
relative percentage rates of oxygen consumption at 10 min- 
utes were reached for M. curema fingerlings acclimated at 
8.5 and 34%o salinities, respectively. On the other hand, ex- 
treme values for oxygen consumption at 60 minutes (0.1370 
and 0.0930 mg/I/g/hr) were recorded for M. curema adapted 
to 1.7 and 8.5%o salinities, respectively (Fig. 4). 

Furthermore, it is most interesting that for the two more 
stressing salinities, 1.7 and 34%e, oxygen consumption was 
characterized by two different curves, a hyperbolic one for 
the lower salinity and a sigmoidal one for the higher. For the 
intermediate salinities, 8.5 and 17%o, the rate of oxygen con- 
sumption was approximately the same along the entire ex- 
periment; the difference in the shape of the curves is prob- 
ably meaningless (Fig. 2). At 34%o salinity, the dissolved 
oxygen available to the fish is approximately 21.17% less 
than the one provided the fish at 1.7%e salinity. This fact 
might explain the shape of both curves since, at 1.7%e the fish 
were much more stressed than at 34%o, the continuous and 
uniform consumption of oxygen is probably due to the need 
for rapid physiological compensation to alleviate the stres- 
sing effects of the environmental condition in which they 
were maintained. According to Fig. 5, in the stressing condi- 
tion of 34%e salinity, the respiratory activity becomes irregu- 
lar even at high values of oxygen pressure. This fact might 
explain the sigmoidal shape of the initial curve of oxygen 
consumption at this salinity. It was observed that the breath- 
ing movements become irregular following the increase of 
salinity at higher values of oxygen pressure. 

Mugil curema (Fig. 4) and Mugil cephalus [17] show the 
same curve of oxygen requirements when kept at different 
salinities. However, the most stressing situation is at 34%o 
for M. cephalus, and at 1.7% for M. curema. In both cases 
the minimum of the curve might mark the condition where 
internal and external salinities are most similar. 

In the gradual anoxia situations, many symptoms could 
be observed, reflecting the physiological condition of the 
animal. The sequence of symptoms displayed by M. curema 
fingerlings maintained under different salinities is shown in 
Fig. 5. At the T, point (the time when the first symptom may 
be detected [4]), the greatest number of symptoms is shown 
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by fish at 1.7%o salinity. Normal swimming remains for a 
longer time at 8.5%o salinity, decreasing to subnormal time at 
the stressing salinities of 1.7 and 34%o. The breathing activity 
varies according to the salinity, its regular rhythm steadily 
diminishing in fish, as salinity increases from 1.7 to 34%o. At 
1.7%e salinity, experimental fish display at the T, point the 
greatest number of symptoms, such as escaping, loss of 
coordination, jumping and yawning. At the final experi- 
mental period of 60 minutes, they display a wide variety of 
symptoms (double respiration, loss of coordination, jump- 
ing, sticking to the water surface, trembling of the body, loss 
of equilibrium, escaping reaction), which might be explained 
by the fact that, at this point, the residual disposable oxygen 
corresponds to a partial pressure of 30 mmHg. The effort of 
resting was more evident for fish at 34%o salinity beginning at 
100 mmHg; at 8.5%, it began at 64 mmHg. 

By only using oxygen consumption, it was possible to 
detect the less stressing salinity for M. curema fingerlings, 
but also fish acclimating in different salinities showed an 
increasing breathing frequency with increasing salinity. This 
seems reasonable since lower salinity allows a higher oxygen 
solubility [19]. School formation is dependent upon the hour 
of the day [18], with the animals spreading out in the night. 
Schooling was also observed to be dependent upon the en- 
vironmental conditions. Only at 8.5%o salinity was schooling 
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constant for all temperatures. At lower temperatures, the 
school formation occurred only at lower salinities, and in 
higher temperatures only at higher salinities. Gray mullets 
are considered moderately fast swimmers, and it was ob- 
served that it is not so much the swimming speed, but more 
the proportion between swimming and resting periods that 
changes in different environmental conditions (Table 1). The 
swimming speed was calculated without considering the 
coefficient of velocity [16] because in our experiments the 
animals were all of the same size. 

Since white mullets have been proposed as a species for 
fish culture, it is important to determine the less stressing 
environmental condition, concerning salinity, for each de- 
velopmental stage. Thus, according to the behavior, feeding, 
and survival, as well as the oxygen consumption, the point of 
equilibrium between the animal and the environment lies at 
salinity 8.5%e for Mugil curema fingerlings of size class 2.3 to 
9.7 cm. On the other hand, the most stressing situation for 
this stage of development lies at 1.7%o and lower salinities, 
followed by 34%bo. 
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MACARI, M., S. M. F. ZUIM, E. R. SECATO AND J. R. GUERREIRO. Effects of ambient temperature and thyroid 
hormones on food intake by pigs. PHYSIOL BEHAV 36(6) 1035-1039, 1986.—Food intake and plasma thyroid hormone 
levels (T4 and T3) were higher in pigs acclimated to cold (12°) than hot (32°) environments. The exposure of cold pigs to hot 
ambient temperature decreased food intake and plasma T4 and T3, whereas for hot acclimated animals the change in 
ambient temperature (from 32 to 12°) increased food intake and plasma thyroid hormone levels, but the new steady state 
level of food intake was reached only after 96 hr of temperature transfer despite the rapid change in plasma level of thyroia 
hormones. Cold-acclimated pigs, when transferred to a hot environment after thyroidectomy, also reduced food intake, but 
hot pigs shifted to cold ambient temperature after thyroidectomy did not significantly increase food ingestion. The results of 
this experiment suggest that food intake adjustment depends on the previous living temperature and that thyroid hormones 
seem to play an important role in increasing the metabolically active mass that probably sustains the new steady state level 


of food intake, particularly in a cold environment. 


Pigs Acclimation Cold and hot environments 


Thyroid hormones 


Thyroidectomy Food intake 





FOOD intake depends on environmental temperature and is 
classically known to increase at low ambient temperature 
and to decrease at higher temperatures. The extra energy 
intake at an ambient temperature below the lower critical 
temperature is necessary for adults to maintain body weight 
and for young to maintain their growth rate, since below this 
temperature heat production must increase if the core tem- 
perature is to be maintained. 

Donhoffer and Vonotzky [6], in a study of food intake by 
mice, found that at room temperature the animals ate more 
protein than carbohydrate or fat diets. However, when the 
animals were transferred to a cold environment the conse- 
quent increase in food intake involved almost entirely the 
carbohydrate diet, with the animals taking a few days to 
reach their raised level of intake after transfer to the cold 
environment. Weiss [24] exposed rats to a cold environment 
for only 20 minutes a day, and found that their food intake 
was lower than that of control animals for the first 1-3 days, 
but much higher than control after 11 days. 

Ingram and Legge [12] showed that the food intake of pigs 
fed in an open bowl and housed at a thermally neutral tem- 
perature was not affected when the animals were shifted 
once a day to a high or low ambient temperature before 
feeding. However, when the pigs had to make an operant 
response for food they ate less in the hot and more in the cold 
environment. 

Macari et al. [16] showed that in young growing pigs ac- 
climated to hot or cold temperatures, long-term cold expo- 
sure had a lasting effect on food intake at thermally neutral 
temperature. 

The control of food intake depends on many variables, 
one of which is the ambient temperature to which the 


animals are exposed [8, 10, 23]. On the other hand, the 
thyroid gland seems to play an important role on the control 
of food intake either at thermally neutral temperature [17] or 
in cold or hot environments [1, 13, 14]. 

The present experiment was carried out in young growing 
pigs, housed at cold and hot ambient temperatures, to study 
the extent to which shifts in ambient temperature affect food 
intake and plasma thyroid hormone levels (thyroxine, T4 
and 3,5,3'-triiodothyronine, T3) as well as the effect of tem- 
perature change on food intake in thyroidectomised pigs. 


EXPERIMENT I: EFFECT OF SHIFT IN AMBIENT 
TEMPERATURE ON FOOD INTAKE AND PLASMA 
THYROID HORMONES IN EUTHYROID PIGS 


METHOD 
Animals 


The study was carried out on 16 male and female 
crossbred (Landrace x Large White) pigs aged 7-10 weeks 
and weighing 12-18 kg at the beginning of the experiment. 
The animals were divided into two groups of 8 pigs each: 
cold acclimated (Group I) and hot acclimated (Group II). The 
animals were young growing pigs with the same age and 
body weight and any difference in growth rate during the 
experimental period was due the acclimation temperature. 
The animals were housed in individual cages in a controlled 
temperature room. 


Acclimation Temperatures 


Group I animals (cold acclimated) were housed in a ther- 
mostatically controlled room in which the ambient tempera- 





1036 


ture was maintained at 12+2°C. Group II animals (hot accli- 
mated) were housed in a room having an environmental tem- 
perature of 32+1°C. These temperatures are respectively 
below and above the critical temperature, 25°C [18], for the 
weight and age of the animals used in this experiment. 


Feeding 


During the experiment, food was offered once a day in an 
open bowl and the pigs were fed a standard pig meal (3,020 
kcal/kg, D.E.). The animals were transferred daily to a cage 
used for estimating food intake, 2 hr a day for 5 days in order 
to accustom them to the procedure. The cage was put in a 
room in which ambient temperature could be adjusted to the 
animals’ living temperatures. On the day before the begin- 
ning of the experiment the feeding bowls were checked 2 hr 
after feeding and any food left was removed. 


Piasma Thyroid Hormone Levels 


The animals were submitted to a fasting period of 22 hr 
and blood samples were withdrawn, without anesthesia, by 
puncture of the superior vena cava. Plasma was obtained and 
stored at —20°C for further analysis. Plasma levels of T4 and 
T3 were measured by radioimmunoassay using commercial 
kits (Tetrabead-125 and T3 Riabead-125, Abbott Co., Diag- 
nostic Div., N. Chicago, IL). 


Procedure 


An outline of the procedure is given in Table 1. Briefly, 
after a habituation period of 5 days the pigs were exposed to 
cold (12°) or hot (32°) environments and maintained at those 
temperatures for 14 days. The piglets were placed in a cage, 
similar to that in which usually lived, with a bowl containing 
food and water supply. When the food was almost all eaten a 
further weighted quantity was added. The animal was judged 
to have ended eating when no food had been taken over a 15 
min period and any food left was removed. The time spent to 
eat the meal was recorded. Body weight and plasma thyroid 
hormone levels were measured during the acclimation 
period. Blood samples were taken at 11, 13 and 14 days of 
acclimation and plasma thyroid hormone levels were meas- 
ured. After two weeks of acclimation, the animals’ living 
temperature was changed. Food intake and plasma thyroid 
hormone levels were measured after two hours of change in 
ambient temperature and on the subsequent days. 


EXPERIMENT II: EFFECTS OF CHANGE IN AMBIENT 
TEMPERATURE ON FOOD INTAKE IN 
THYROIDECTOMISED PIGS 


METHOD 


Animals 


The study was carried out on 24 male and female 
crossbred (Landrace x Large White) pigs aged 8-12 weeks 
and weighing 14-19 kg at the beginning of the experiment. 
The animals were divided into four groups and housed indi- 
vidually as in Experiment I. 

Ambient Temperature and Feeding 


The same as in Experiment I. 


Thyroidectomy 


General anesthesia was induced directly with a face mask 
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TABLE | 
OUTLINE OF THE PROCEDURE USED IN EXPERIMENT | 





Environmental temperature—°C 


Days Group I (n=8) Group II (n=8) 





12(F1)* 32(FI) 
{ { 
12(FI+ BS)? 32(FI+BS) 
12(FI) 32(FI) 
12(FI+BS) 32(FI+BS) 
12(FI+BS) 32(FI+BS) 
Shift in ambient temperature 
for both hot and cold acclimated pigs 
12(FI) 
12(FI+BS) 
12(FI) 
12(FI+BS) 
12(FI) 
12(FI+BS) 
12(FI) 
12(FI+BS) 


32(FI) 
32(FI+BS) 
32(FI) 
32(FI+BS) 
32(FI) 
32(F1+BS) 
32(FI) 
32(F1+BS) 





*Food intake (FI). 


+Food intake and blood samples (FI+ BS) for T4 and T3 determi- 
nations. 


using a combination of halothane and oxygen produced in a 
vaporizer via an open circuit. The thyroid gland was re- 
moved from the animals after ligature of the thyroid artery 
using sterile conditions. After surgery, a single dose of 
penicillin (200,000 IU) was given in an attempt to reduce the 
risk of accidental infections. 


Procedure 


An outline of the procedure used in Experiment II is given 
in Table 2. The same procedure as used in Experiment I was 
used in this experiment during the first 15 days of tempera- 
ture acclimation, except that blood samples for thyroid hor- 
mone analysis were taken only 14 days after the beginning of 
the acclimation period. After 14 days of cold or hot exposure 
the animals were thyroidectomised and on the subsequent 
days the pigs of Group I and II were maintained at the same 
living temperature, whereas the animals of Groups III and IV 
were submitted to a shift in ambient temperature. Body 
weight, food intake and plasma thyroid hormone levels were 
measured during this period for all groups. 


Statistical Analysis 


The results obtained in both experiments were submitted 
to analysis of variance [22]. 


RESULTS 


Experiment I 


Food intake was calculated as grams of food eaten per 
kilogram of body weight. During the acclimation period, 
food intake for the cold-acclimated pigs was significantly 
higher than for hot-acclimated animals (p<0.01). Mean in- 
take and time were 44 and 25 g/kg, b.wt. and 58+7 and 
82+10 min for cold and hot-acclimated pigs, respectively. 
Two hours after shift in ambient temperature the cold- 
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TABLE 2 
OUTLINE OF THE PROCEDURE USED IN EXPERIMENT II 





Environmental temperature—°C 


Group I (n=4) Group II (n=4) 


Group III (n=8) Group IV (n=8) 





12(FI)* 32(FI) 
{ | 
12(FI+BS)+ 32(FI+BS) 


12(FI) 32(FI) 


{ | 
12(FI+BS) 32(FI+BS) 


Thyroidectomy and post-surgery recovery at 26° 


Change in ambient temperature 


12(FI) 32(FI) 
| | 
12(FI+BS) 32(FI+BS) 
| | 
28 =: 12(FI+BS) 32(FI+BS) 


32(FI) 12(FI) 
| \ 
32(F1+BS) 12(FI+BS) 
1 | 
32(F1+BS) 12(FI+BS) 





*Food intake (FI). 


+Food intake and blood samples (FI+BS) for thyroid hormone determination. 


acclimated animals showed a slight decrease in food intake 
(44 to 37 g/kg, b.wt.), whereas the hot-acclimated pigs when 
transferred to cold environment for 2 hr did not increase 
their food intake. Analysis of variance showed that food in- 
take after the short-term cold or hot exposure (2 hr) was still 
significantly different (p><0.01) between groups, with higher 
values for cold-acclimated animals. Food intake did not dif- 
fer during the next 3 days after shift in ambient temperature 
(p>0.05) and was 30 g/kg, b.wt. for both groups. Four days 
after temperature transfer, statistical analysis revealed sig- 
nificant differences (p<0.01) between groups, which per- 
sisted during the subsequent days, with a mean food intake 
of 42 and 26 g/kg, b.wt. for hot and cold-acclimated pigs, 
respectively (Fig. 1A) between 4 and 8 days after the change 
in temperature. 

Plasma thyroid hormone levels (T4 and T3) for both 
groups are shown in Fig. 1B and C. Both T4 and T3 levels for 
cold animals were significantly different (p<0.01) from those 
for hot-acclimated pigs during the acclimation period. Two 
hours after the change in temperature, plasma T4 and T3 
levels were slightly decreased in cold pigs. For hot animals, 
however, short-term (2 hr) cold exposure did not affect 
plasma T4 level but determined a slight increase in plasma 
T3. Analysis of variance for both hormones after short-term 
(2 hr) cold or hot exposure still revealed a significant differ- 
ence( (p<0.01) between the two groups. During the subse- 
quent days of temperature change, plasma T4 levels in- 
creased for hot-acclimated and decreased for cold- 
acclimated pigs, and between 2 and 6 days after shift in am- 
bient temperature the values were statistically different 
(p<0.01). However, after 8 days the plasma T4 values for the 
two groups did not show statistical difference (p>0.05). 
Plasma T3 levels were significantly different (»><0.01) after 
the temperature change, but the hot-acclimated pigs when 
transferred to cold ambient temperature did not reach the 
same plasma level as obtained for cold-acclimated animals 
(0.65 against 0.93 ng/ml, respectively) during the period of 
time used in this experiment. 


Experiment II 
In the first part of this experiment, the animals were ac- 
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FIG. 1. Food intake and plasma thyroid hormone levels (T4 and T3) 
in euthyroid pigs acclimated to cold (12°) and hot (32°) environments 
before and after a shift in ambient temperature. The results and 
statistical difference between groups are expressed as means+S.E. 
and *p<0.05 and **p<0.001, respectively. 


climated to cold and hot environments and after thyroidec- 
tomy were maintained at the respective living temperature. 
The aim of this study was to determine how thyroidectomy 
influences food intake at cold and hot temperatures. Mean 
intake and time during the acclimation period were 52 and 32 
g/kg, b.wt. and 63+5 and 78+7 min for cold and hot animals, 
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FIG. 2. Effect of thyroidectomy on food intake in pigs acclimated to 
cold (12°) and hot (32°) environments. The results and statistical 
difference between groups are expressed as means+S.E. and 
*n<0.05 and **p<0.01, respectively. T4 and T3 levels before 
thyroidectomy are also shown. 


respectively, and analysis of variance for food intake showed 
significant difference (p<0.01) between groups. After 
thyroidectomy, a decrease in food intake was observed for 
both groups (Fig. 2) but was higher for cold pigs. Despite the 
reduction in food intake, on the days after thyroidectomy 
cold pigs still showed a significantly higher food intake than 
hot animals. 

Plasma thyroid hormone levels before thyroidectomy 
were significantly different (p><0.01) between groups (Fig. 
2). Five and 13 days after thyroidectomy, no thyroid hor- 
mones were detectable in plasma by the assay. 

In the second part of the experiment, the pigs acclimated 
to cold or hot temperatures were submitted to a shift in am- 
bient temperature after thyroidectomy. Mean intake and 
time during the acclimation period was 47 and 34 g/kg, b.wt. 
and 58+6 and 74+6 min for cold and hot pigs, respectively. 
Plasma T4 and T3 levels obtained before thyroidectomy are 
shown in Fig. 3. After thyroidectomy and temperature trans- 
fer, food intake decreased significantly for cold animals but 
showed no significant difference in relation to hot animals 
(p>0.05) between 2 and 3 days. However, 4 days after the 
temperature change and on the subsequent days food intake 
was significantly different (p<0.01) between the two groups. 
An interesting finding was that the food intake difference 
between groups was due to a decrease in food intake by 
cold-acclimated pigs rather than to an increase in food intake 
by hot pigs after thyroidectomy and temperature transfer 
(Fig. 3). 


DISCUSSION 


The results of this experiment show, as expected, that 
food intake is temperature-dependent, since the animals ex- 
posed to cold ate more than those exposed to heat, and that 
the plasma levels of thyroid hormones (T4 and T3) were 
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FIG. 3. Effect of thyroidectomy and of a shift in ambient tempera- 
ture on food intake by pigs acclimated to cold (12°) and hot (32°) 
environments. Results and statistical difference between groups are 
expressed as mean+S.E. and *p<0.05 and **p<0.01, respectively. 
For hot-acclimated pigs food intake before and after thyroidectomy 
and temperature transfer did not show statistical differences. Plasma 
levels of thyroid hormones before thyroidectomy are also shown. 


higher in the cold-acclimated pigs when compared to the 
hot-acclimated animals. However, after temperature trans- 
fer, food intake was shown to be dependent on the presence 
of thyroid hormones, since the heat-acclimated animals did 
not increase food intake when transferred to a cold environ- 
ment after thyroidectomy. 

It was previously believed that the food intake of 
homeotherms is directly dependent on metabolic rate, since 
in a cold environment both food intake and metabolic rate 
are elevated. On the other hand, many experiments have 
shown that animals exposed to cold have higher thyroid 
gland activity than animals exposed to heat [1,13]. Thus, the 
relationship among food intake, metabolic rate and thyroid 
gland activity seems to be evident for the animals acclimated 
to hot or cold environments. However, little is known about 
the physiology of the change in food intake after a shift in 
ambient temperature. Despite the energy demand for growth 
or thermoregulation at altered ambient temperature, in only 
a few experiments has it been shown that food intake does 
not change at once to match the new experimental tempera- 
ture [6, 7, 24]. It was previously demonstrated that in cold- 
acclimated pigs (10°C) transferred to thermally neutral tem- 
perature (25°C), food intake only matched the new steady- 
state level several days after shift in ambient temperature 
despite the rapid decrease in metabolic rate. The results of 
this experiment (Experiment I) show that when pigs were 
transferred from cold to heat or vice versa the new steady- 
state level in food intake was reached 3 to 4 days after shift in 
the ambient temperature. The same pattern of response was 
found by Sealander [21] in mice, when the animals were 
transferred from a control temperature to cold or hot en- 
vironments. On the other hand, Hamilton [9], studying food 
intake in primates, reported a tendency to reduced food in- 
take in the hot but no increase in the cold. 
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Several hypotheses could be suggested to explain the ad- 
justment in food intake after temperature transfer. First, 
food intake may be influenced by the difference in body 
composition between hot and cold-acclimated pigs demon- 
strated by Dauncey and Ingram [4]. Second, the physical 
capacity of the stomach may be greater in cold-acclimated 
pigs since in the present experiments the animals were 
allowed to eat ad lib during the acclimation period, and the 
hot animals ate less food than the cold pigs. Thus, when the 
hot animals were transferred to cold environments the 
amount of food eaten was limited by the capacity of the 
stomach rather than immediately satisfying the growth and 
thermoregulatory demand at this new environmental tem- 
perature. Third, a metabolically active mass associated with 
a high metabolic rate may ‘‘regulate’’ food intake in different 
environmental temperatures. Some experiments have 
suggested hormonal participation in this process, since hor- 
mones are thought to be agents which alter the metabolically 
active mass in the body. Among the different hormones that 
may cause an important increase in metabolically active 
mass are catecholamines and thyroid hormones, mainly be- 
cause of their calorigenic effects [2,3]. We found higher 
plasma levels of thyroid hormones in cold- than hot- 
acclimated pigs, suggesting that tissue was much more 
metabolically active in the former. 

The involvement of thyroid hormones in the control of 
food intake was suggested by Donhoffer and Vonotzky [5] 
who observed an increase in food intake by mice injected 
with thyroxine. Macari [17] also showed that food intake in 
pigs is at least in part dependent on thyroid hormones, since 
at thermal neutrality thyroidectomy reduced food intake. 
The present results show that thyroidectomy also influences 
food intake in cold and hot environments and that thyroid 


hormones play an important role in the increase of food in- 
take, particularly in the animals acclimated to hot and shifted 
to cold temperatures. The lack of thyroid hormones seems to 
affect some mechanism that determines the increase in food 
intake during cold exposure. Although Hamilton [8] reported 
that thyroidectomised animals increase their food intake in 
the cold, our results also showed an increase in food inges- 
tion in hot-acclimated pigs when transferred to cold, but food 
intake was not statistically different before (in the heat) and 
after (in the cold) thyroidectomy. The results of this experi- 
ment support the hypothesis that thyroid hormones seem to 
play an important role in increasing the metabolically active 
mass of the body and thus indirectly increasing food intake. 

Other mechanisms such as stomach emptying [16], gas- 
trointestinal hormones and osmoreceptive control [11] 
should be considered during the metabolic adjustment in 
food intake after temperature transfer. 

In conclusion, the present experiment suggests that food 
intake adjustment in euthyroid pigs after ambient tempera- 
ture transfer is dependent on the previous living experience 
and that the new steady-state level in food intake is reached 
at least 4 days after the change in temperature. The results 
also give some evidence that thyroid hormones are important 
in increasing the metabolically active mass in the body that 
probably sustains the new steady-state level of food inges- 
tion, particularly after transfer from hot to cold environ- 
ments. 
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DUNN, L. T. AND P. J. FRAY. A comparison of two different methods for the measurement of drinking in the rat. 
PHYSIOL BEHAV 36(6) 1041-1046, 1986.—Drinkometers based on two different principles are described and compared. A 
capacitative design relied on the detection of a very small current through the animal as a means of recording contacts 
between the animal’s tongue and the drinking spout. A photocell-based design relied on a beam across the front of the 
drinking spout being broken by the animal's tongue as a record of access to the spout. Both types of device were found to 
give a picture of the animal’s behaviour similar to that obtained by a measure of the volume of fluid ingested. However the 


devices using a photocell were found to be less prone to error than the capacitative devices. 


Photocell drinkometer Capacitative drinkometer 


Temporal patterns 


Fluid intake 





IN many experiments investigating drinking, it is useful to be 
able to take measures of the way in which an animal re- 
sponds towards the fluid under study as well as the absolute 
quantities which the animal ingests. This is particularly the 
case when an animal’s pattern of responding over time may 
be of interest, as for example in studies of neophobia, reac- 
tivity to taste and conditioned taste-aversion. In such cases, 
apparatus which can measure and record an animal's licks at 
a drinking-spout at frequent, closely spaced, intervals is at a 
considerable advantage over manual techniques, which are 
limited in temporal resolution and also by the number of 
animals that can be studied simultaneously. 

As a result of these considerations, a number of drink- 
ometers of varying design have been produced. One of the 
first reports of such a device was made by Hill and Stellar 
[5]. This device, and many subsequent designs (see Weijnen 
10] for a review of some of the earlier devices), involved the 
passage of a small current through the animal and its detec- 
tion by some means every time the animal’s tongue made 
contact with the spout. Although commonly used, drink- 
ometers operating in this way suffer from a number of 
drawbacks. For instance, the use of such drinkometers re- 
sults in a decrease in the apparent discriminability between 
mildly bitter quinine solutions and water and this effect is 
probably the result of the passage of current through the 
animal’s body [7]. Similarly, the use of these drinkometers 
may disrupt concurrent electrophysiological recordings [9]. 
The passage of a current through the animal may also come 
to have positive or negative reinforcing properties of its own 
[7] which confound the use of such data as measures of moti- 
vation. 
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A number of attempts have been made to overcome these 
problems. Mundl and Malmo [8] described a capacitative 
device for the recording of licking. They claimed that the use 
of a 200 KHz sensing current produced recordings free from 
artifacts. Their device passed a current of approximately 7 
uA R.M.S. through the animal, which they claimed was im- 
perceptible since no changes were observed in recordings 
from multiple units when the animal licked. Their device had 
the advantage that it could be capacitatively coupled, 
eliminating the need for a metal electrode in the drinking 
solution. However, they presented no evidence that the dis- 
criminability of different solutions remained unaltered. 
Other approaches to the problems outlined above have in- 
cluded the use of magnetic devices [9] and strain gauges [2]. 
Armstrong and Coleman’s strain gauge relied on con- 
tinuously weighing a container and thereby obtaining a tem- 
poral pattern of intake. However, their device appeared to 
be sensitive to the animai leaning against the container with 
its forepaws during a prolonged bout of drinking. In addition, 
such methods give only a crude measure of how an animal 
reacts to a solution compared to a lick by lick record. For 
example, certain lesions and manipulations are known to 
alter an animal’s lap-volume (e.g., [11]). Such a change 
would not be detected by a strain gauge. 

Another popular means of trying to quantify drinking has 
involved the use of photoelectric circuits. Czech [3] has re- 
ported a device which senses and counts drops of uniform 
size falling into a chamber. The rate of entry of drops into the 
chamber is a function of how quickly fluid is removed by the 
animal through a valve. Thus, as in the case of Armstrong 
and Coleman's apparatus [2], this device was also primarily a 
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FIG. 1. Circuit-diagram and arrangement of the spout for the capacitative devices. The 
output of the circuit was connected to a wire grid in the floor of the cage and the input 
was soldered to the inside of a standard spout. 


volumetric device, rather than one which monitored licking. 
Martonyi and Valenstein [7] and Hutcheson and Mills [6] 
have designed devices which overcome this problem by plac- 
ing a photoelectric beam in front of the spout, which the 
animal must break every time it makes contact with the 
spout. Martonyi and Valenstein used a pilot light mounted in a 
glass rod to transmit light to the gap across the spout to the 
photo-sensor on the other side. According to Hutcheson and 
Mills this design suffered from a number of disadvantages. 
First, the system was large and clumsy. Secondly, the thick- 
ness of the glass rods necessitated the spout being placed 8-9 
mm behind the hole in the cage through which the animal’s 
tongue passed and this resulted in licking rates which were 
lower than those observed with electrical contact systems. 
Third, the light source resulted in a temperature increase 
inside the cage as well as serving as an unwanted visual 
stimulus. Hutcheson and Mills [6] largely overcame these 
problems by using a smaller infra-red emitter and sensor 
which allowed the spout to be placed much closer to the cage 
wall. A further general criticism of devices previously re- 
ported in the literature is that they have not incorporated any 
means of measuring spillage, making it difficult to correlate 
licking with intake of fluid. 

In this study we have compared the performance of two 
types of drinkometer—a capacitative design and a design 
using photocells, similar in some respects to that of Hutche- 
son and Mills—in order to determine which provides the 
better measure of drinking. 


METHOD 


Devices 


Capacitative. Figure 1 shows the circuit diagram for this 
device and the drinking-spout associated with it. The device 
is driven through the floor of the cage by an AC current 
produced by IC NES5S67N (RS Ltd., U.K.). The frequency of 
this signal can be adjusted by changing the 4.7K variable 


resistor attached between pins 5 and 6 of the chip on the 
oscillator circuit. When the animal makes contact with the 
drinking-spout the signal is sensed by a phase-locked loop 
system in the sensor part of the circuit. This part of the 
circuit can also be tuned using the 4.7K variable resistor 
connected between pins 5 and 6. The circuit as shown puts a 
potential of 200 mV between drinking-spout and cage floor. 
Assuming a resistance of 200K ohms between the spout and 
the floor (including the rat), this results in the passage of a 
current of 1.0 wA R.M.S. through the animal. This is 
considerably lower than that level claimed to be impercepti- 
ble to a rat [8]. The device can be tuned by placing a hand 
between the floor and the spout and adjusting the 4.7K 
preset resisor on the sensor circuit to provide a clean re- 
sponse when the spout is touched with a finger as shown by 
the LED on the sensor circuit. 

Sixteen devices were placed, one on each side of eight 
different 75 cm by 45 cm by 40 cm observation cages with 
Perspex fronts. Inclined holes were drilled in the fronts to 
allow the ends of the drinking-spouts to be passed through. 
The input wire to the sensor part of the circuit was silver 
soldered to the inside of a standard ball-type drinking-spout 
and then passed through a small hole in the polyethylene 
tubing which connected the drinking-spout to the water 
burette. On the floor of the cage beneath each spout was a 
small wire grid to which was attached the output from the 
oscillator. The two grids in each cage were separated by 
several inches to prevent interference between them. The 
rectified outputs from the devices were fed via a 20 way 
cable to a computer situated in another room and interfaced 
as described below. 

Photocell devices. Figure 2 shows the circuit diagram and 
drinking-spout for this device. The device consisted of a 
Perspex box mounted at an angle on the inside of the front of 
the observation cages. On the front surface of this box there 
was a 5 mm access hole. On either side of this hole on the 
inside of the box the infra-red sensor and emitter were 
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mounted. The emitter was mounted in a small piece of rub- 
ber to facilitate future replacement. A drinking-spout was 
mounted in a block of Perspex which ran in a groove in one 
side of the box. The spout was aligned behind the access- 
hole in the front surface and could be moved backwards and 
forwards along the groove by means of a threaded stud. The 
drinking-spout was connected to its burette by means of pol- 
yethylene tubing passing through a hole drilled in the cage 
front. Use of the threaded stud allowed the spout to be 
moved backwards and forwards to determine the optimum 
position for both licking efficiency and recording. At the 
lowest point within the device there was a drain hole from 
which a polyethylene tube ran to the outside of the cage 
where it emptied into a beaker. This allowed spillage to be 
assessed and some estimate of licking efficiency obtained. 
The photocell circuit consisted of a high-powered infra-red 
LED and associated sensor mounted as already described. 
The output of the sensor was passed to an operational 
amplifier circuit. The signal was first amplified in an 
analogue fashion, the 560K resistor being selected for op- 
timum hysteresis. The 50K potentiometer allowed adjust- 
ment of the sensitivity of the circuit. The signal was then 
converted to a step function by the second part of the 
op-amp circuit, the threshold being set by the 470 ohm resis- 
tor. This part of the circuit also incorporated a hysteresis 
loop designed to prevent spurious recordings when the 
animal’s tongue only entered part way through the beam. 
The signal was then passed via a transistor to the interface 
board of the computer. An LED was incorporated on each 
board to show when the circuit was functioning. Adjustment 
of each device was achieved by first adjusting the spout to 
find the optimum distance behind the access hole for licking 
and then adjusting the sensitivity of the circuit to give clean 
responses to each lick. 


Interfacing and Data Acquisition 


Both types of device were connected by means of a lab- 
oratory interface (Control Universal Ltd, Cambridge, Eng- 
land) to a Cube system 10 microcomputer (Control Universal 
Ltd, Cambridge) running ONLIBASIC [4]. A maximum of 
sixteen devices could be monitored simultaneously. The 
computer counted the number of responses for each device 
which could then be grouped into a variable number of bins 
(set by the user) of a particular length (also defined by the 
user). At the end of a trial the data could either be printed 
out, saved to disc or subjected to further analysis. The 
computer was capable of reading all sixteen inputs inde- 
pendently at a frequency of 10 Hz without missing data. This 
was considerably faster than the frequency of licking shown 
by rats in these devices. An event was recorded whenever 
the voltage across an input went high, and was thus inde- 
pendent of lick length. 


Behavioural Measurements and Comparison of the Two 
Device Types 


Data consisting of licks recorded and volume drunk were 
taken from two taste aversion experiments in which the de- 
vices were used. In the case of the photocell devices the data 
consisted of licks recorded and volume drunk during the first 
5 minutes of a 15 minute trial, whilst in the case of the 
capacitative devices the data consisted of licks recorded and 
volume drunk during an entire 15 minute trial. In each case 4 
devices were randomly selected. Data from 4 animals on 5 
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successive days were taken for each device, giving data from 
a total of 32 animals for both types of device. No evidence of 
spillage was observed with either type of device and conse- 
quently no correction was applied to the measures of volume 
consumed. The data from each type of device were subjected 
to a least squares regression analysis to assess the correla- 
tion between the two measures of drinking behaviour. In 
addition, an analysis of covariance was performed on the 
data to compare the performance of the two devices in a 
more detailed way. The experimental design was partially 
hierarchical with repeated measures on one factor, namely 
days. The analysis of such designs is discussed by Winer 
[12]. The Genstat statistical package [13] allows the specifi- 
cation of models suitable for analysing such designs, and an 
analysis of covariance of licks recorded, using volume drunk 
as a covariate, was performed. Such an analysis allowed an 
assessment of the relative reliability of the two devices to be 
made and also allowed the sources of variation in the popu- 
lation to be identified. 

A video recording was made of three animals drinking 
from each of three different photocell devices on three con- 
secutive days. The LED on the circuit board was included in 
the field of view. Slow motion playback of the tape allowed 
the number of licks the animals made through the access hole 
at the front of the device to be counted and correlated with 
the number of flashes of the LED and also with the number 
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FIG. 3. Scatter diagram and line of best fit for the data obtained from 
the capacitative devices. 


of licks which the computer had recorded. Measures of vol- 
ume drunk were also taken during these 5 minute trials. 


RESULTS 


Analysis of the video recording of the photocell devices 
showed that a lick was recorded by the devices every time an 
animal put its tongue through the access hole of the device. 
The number of times the LED on the circuit board went on 
and off also corresponded exactly with the number of licks 
which the computer recorded. 

Figures 3 and 4 show scatter diagrams and lines of best fit 
of the volumes and licks recorded for the capacitative and 
photocell devices respectively. The regression analysis for 
the photocell devices gave an intercept of 321+41 (S.E.M.) 
on the y-axis which was significantly different from zero, 
1(77)=7.74, p<0.005. The estimate of the slope was 
99.7+5.18 (S.E.M.). This was also significantly different 
from zero 1(77)=19.22, p<0.005 indicating that there was a 
significant association between licks and volume of fluid 
consumed. In the case of the capacitative devices (Fig. 4) the 
estimated intercept on the y-axis was 484+183 (S.E.M.), 
1(72)=2.65, p<0.05. The estimate of the slope was 79.6+ 17.8 
(S.E.M.), 1(72)=4.48; p<0.05, showing that there was also a 
significant association between licks and volume consumed 
for this device type. 

The fact that the intercepts for both devices differed sig- 
nificantly from zero suggests either that not every response 
which the animal made resulted in the delivery of fluid or 
that the devices recorded spurious responses. In the light of 
the analysis of the video recording mentioned above, the 
former explanation would appear to be the more likely. It 
should be noted, however, that in cases where there is error 
in both dependent and independent variables, as was the 
case here, the method of least squares regression analysis 
results in an underestimation of the slope, which would 
produce an overestimation of the y-intercept for these data. 
This may well have contributed to the observed results [14]. 
The least squares method was deemed appropriate in this 
case since there was no easy way of assessing the ratio of the 
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FIG. 4. Scatter diagram and line of best fit for the data obtained from 
the devices using photocells. 


errors in the two variables (lambda) which is necessary to 
perform an accurate regression analysis when both variables 
are subject to error. In such cases the least squares method 
provides an estimate which is not appreciably worse than 
any of the other methods (e.g., Bartlett's method) which 
make no assumptions about lambda [14]. In addition, the 
primary purpose of the analysis was to compare the two 
types of drinkometer and if lambda is assumed to be similar 
for both devices then the errors in the estimates should be of 
similar magnitudes. 

By applying the method of parallel regression for grouped 
data to the values for both device types, an assessment of 
whether the two device types behaved differently in terms 
either of how much fluid they delivered per lick, or in terms 
of their intercepts on the y-axis could be made. When such 
an analysis was performed the differences between the esti- 
mates of the y-intercept and slope for the two device types 
were found not to differ significantly, 1(149)=0.99, n.s. and 
1(149)=1.14, n.s. respectively. Thus the two types of device 
do not appear to differ in terms of the estimates they produce 
for lick volume. 

A further comparison was made between the two devices 
to assess which provided a more reliable measure of licking 
using analysis of covariance. This also allowed an assess- 
ment of the extent to which variation in the measures was 
contributed to by variability within rats, between rats or be- 
tween devices to be made. The volume drunk was used as 
the covariate and the results analysed as described in Winer 
[12] for partially hierarchical designs. The analysis showed, 
in agreement with the regression analysis, that there were no 
significant differences between device types, F(1,24)=0.040, 
n.s. or between individual devices, F(6,24)=1.254, n.s. 
There were however significant differences between rats 
pooled over both devices and device type, F(24,68)=3.753, 
p<0.01, suggesting that a significant amount of the variation 
in readings was due to differences in the behaviour of indi- 
vidual rats rather than differences between the two types of 
drinkometer or between different devices within each type. 

A more direct comparison between the two types of drink- 
ometer was made by analysing the data for each device type 
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separately and using the error term derived from the overall 
analysis. Such an analysis showed that the capacitative de- 
vices accounted for much more of the variation in the total 
population than the photocell devices (capacitative devices 
87.7%; photocell devices 22.3%). Genstat returns a total per- 
centage sum of squares greater than 100% when missing val- 
ues are present in the data and corrects the degrees of free- 
dom accordingly [1]. The capacitative devices, as well as 
accounting for much more of the variance also differed sig- 
nificantly from each other, F(3,88)=3.979, p<0.01. In addi- 
tion there was also significant variation in the readings over 
days, F(4,81)=10.104, p<0.01. The presence of a significant 
interaction between devices and days for the capacitive de- 
vices, F(12,88)=8.181, p><0.01 suggested that this variability 
from day to day was more marked in some devices than 
others. 

Taken together the results of the analysis of covariance 
showed that the photocell devices provided a more reliable 
record of licking, both between different devices and from 
day to day, than did the capacitative devices used in this 
study. 


DISCUSSION 


The data presented here show that both capacitative and 
photocell-type devices give an unbiased measure of licking 
and that this measure correlates significantly with the vol- 
ume of fluid ingested as measured by more conventional 
means. However, using the devices described here it appears 
that the photocell devices provide a more accurate and reli- 
able measure than the capacitative devices. This was the 
case both when measures from a number of devices of each 
type were considered and also when measurements from in- 
dividual devices over a number of different occasions were 
considered. Whether this represents a design falling in the 
capacitative devices in this study (for example compared to 
the design of Mundl and Malmo [8]) or a general deficiency in 
this type of device remains to be determined. The study also 
suggests some of the limitations and problems associated 
with the two devices. In addition, it highlights the potential 
of this type of measurement, in conjunction with a flexible 
data acquisition system, for investigating the strategies 
animals adopt towards drinking solutions under a wide vari- 
ety of circustances. 

The greater variability in the performance of the 
Capacitative devices appeared to be largely attributable to 
contact between the rat and spout being maintained between 
licks on some occasions. This presumably reflected the per- 
sistance of a film of moisture between the drinking spout and 
the animal. The capacitative devices also required frequent 
checking for drifting in the frequency of the sensing part of 
the circuit and occasional readjustment. These problems 
were not encountered with the photocell type devices. The 
capacitative devices do however have the advantage that 
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capacitance coupling obviates the necessity of having an 
electrode on the spout and also that these devices do actually 
record physical contact between the animal and the solution. 
The photocell devices, on the other hand, merely record the 
number of times the animal’s tongue breaks the beam in front 
of the spout and this need not necessarily reflect the number 
of times the animal actually makes contact with the solution. 
However, the fact that the relationship between licks re- 
corded and volume drunk does not differ for the two devices 
suggests that this may not be an important criticism of the 
photocell devices. 

The photocell devices do have a number of advantages 
over the capacitative devices. First, the drain tube in the 
bottom of the housing allows a measurement of spillage to be 
made. Although such spillage was found to be insignificant in 
the data presented here, it is quite conceivable that some 
experimental manipulations, for example of the central 
nervous system, could result in changes in the efficiency 
with which an animal licks. In such cases a measure of spil- 
lage could be of considerable importance. Secondly, the fact 
that the distance between the drinking spout and the device 
access hole can be adjusted means that the optimum distance 
both for lick rates and accuracy of measurement can be de- 
termined empirically for different groups of animals. Again 
the absence of any significant difference in rates of licking 
between the two devices suggests that requiring the animals 
to gain access to the drinking spouts through an access hole 
did not make the fluid any more difficult to obtain. The third 
and perhaps most important advantage which the photocell 
devices have over the capacitative ones is their increased 
accuracy and reliability in terms of the representation they 
give of the animals’ licking behaviour. If subtle differences 
between groups of animals are being studied, this decrease in 
random non-specific error may be of considerable signifi- 
cance. 

The interfacing of these devices to a microcomputer en- 
ables readings to be taken from a number of animals simulta- 
neously and also in time bins of widely varying length. Thus 
an animal’s behaviour can be monitored on a lick by lick 
basis or over a period of hours or even days by means of 
simple programming alterations. 

In summary, we feel that, of the two devices investigated, 
the photocell devices provided a better means of monitoring 
licking, and that the system as a whole provides a flexible 
means of obtaining valuable data not accessible to conven- 
tional manual measures of fluid ingestion. 
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CHEAL, M. L., K. FOLEY AND R. KASTENBAUM. Brief periods of environmental enrichment facilitate adolescent 
development of gerbils. PHYSIOL BEHAV 36(6) 1047-1051, 1986.—In a lifespan study, measures of motor behavior and 
somatic growth were recorded monthly from 31 male and 31 female gerbils. Each month, after measures were recorded, the 
gerbils were placed in a large, outdoor environment, or in a small indoor control cage for one hour. The enrichment 
experience for one hour a month had no effect on motor behavior between 2 and 7 months of age, but facilitated adolescent 
development. Area of the ventral gland increased more rapidly in gerbils given environmental enrichment. In male gerbils, 
the hindlimb was longer in those given environmental enrichment, but the opposite was true in female gerbils. More female 
gerbils had seizures than did male gerbils after 3 months of age, and enrichment had no significant effect on seizures in 
female gerbils. In male gerbils, however, more of the gerbils given enrichment experience had seizures from 2 to 4 months 
of age and fewer had seizures at 5 and 6 months of age than did controls. 


Environmental enrichment Gerbils 


Adolescent development 
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MANY researchers have examined the effects of environ- 
mental enrichment on behavior and cortical growth in a 
number of species, including gerbils [13, 16, 17]. In most of 
these studies, animals lived in enrichment conditions for 
several weeks, although recently Ferchmin and Eterovic 
demonstrated facilitative effects in rats after as little as 40 
minutes of enriched experience early in life [15]. Addi- 
tionally, although early work suggested that neural plasticity 
depended on exposure at early ages, it has subsequently 
been shown that plasticity can be demonstrated in old rats 
[9]. It is not known whether brief periods of environmental 
enrichment in adulthood will affect behavior, or whether re- 
peated brief exposures would be cumulative. 

The present research program is directed towards deter- 
mining the behavioral and physiological effects that challeng- 
ing environmental stimuli will have over the lifespan. This 
paper is based on a longitudinal study of effects of brief 
enrichment experience on adolescent development in ger- 
bils. In order to optimize the short exposure time, one hour 
per month, the environment was chosen to provide stimuli that 
might be natural in the wild, but are not usually available to 
laboratory animals. Gerbils were placed in an outdoor desert 
environment that included ‘‘fresh air’’ and natural weather 
conditions without danger of overstressing the animals, a 
condition possible only in select climates like that of the 
southwest. This paper reports the facilitative effects of one 
hour of environmental enrichment a month on adolescent 
development. 





METHOD 
Subjects 


Gerbils (Meriones unguiculatus) were born in the labora- 
tory from stock originally obtained from Tumblebrook 
Farms, West Brookfield, MA, and consistently outbred for 
seven years at McLean Hospital, Harvard Medical School 
[3]. The gerbils were maintained on aspen shavings in 
polycarbonate cages (48 x 27 x20 cm) with feed (rabbit chow, 
millet, and cracked corn) and water ad lib. Each cage had a 
climbing ladder made of '/s in. hardware cloth. Room tem- 
perature was 24°C+3° with lights on from 6:00 a.m. to 8:00 
p.m. Pups were kept with parents until weaning at 28 days 
when they were transferred to 14, mixed litter, same sex 
groups (n=3-6 per group). 


Procedure 


Repeated measurements. Testing of 31 male gerbils from 
12 litters and 31 female gerbils from 11 litters was begun on 
the day of birth, at which time they were marked for identifi- 
cation. Experimental procedures were conducted weekly 
until 4 weeks of age and monthly until 7 months of age with 
all testing between 9:00 a.m. and 5:00 p.m. Quantitative and 
qualitative descriptions of early development were reported 
previously [7]. Testing was conducted as described in detail 
earlier [7]. 
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FIG. 1. Diagram of outdoor box used for environmental enrichment. 

Cover made of aviary wire is not shown. a, concrete block; b, water; 

c, rock; d, pebbles; e, log; f, sand; g, food dish; h, bark of palm tree; 

i, cactus wood; j, grass. 
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Behavioral measures included: locomotor activity score: 
number of line crossings in a small arena (3045 cm [2]) for 
one minute; rearing: number of times the gerbil reared on its 
hind legs during the same minute; marking: the number of 
times the gerbil rubbed its ventral gland over a peg (27x 11 x6 
mm high [2,18]) during the first three minutes the gerbil was 
in the arena; jump down: the latency to jump down from an 
inverted plastic beaker (10 cm diameter x 28.5 cm high) with 
a maximum of 180 seconds; climb down: latency to climb, 
fall, or jump off a 59.5 cm wooden pole that was wrapped 
with '/4 inch hardware cloth with a maximum of 180 seconds; 
cling: latency to fall off a wire coat hanger with a maximum 
of 180 seconds. 

Nonbehavioral measures were body weight, tail length, 
body length, head length, head width, foot length, lower 
hindlimb length, and ventral gland area. To facilitate meas- 
urement of the ventral gland, the abdominal hair was dam- 
pened with a small amount of water. Width and length of the 
gland were measured with calipers to nearest 0.1 mm. The 
area was estimated by the formula for an ellipse ('/s4 pi x 
length x width). 

Gerbils have spontaneous seizures during experimental 
manipulations [4,10]. If a seizure occurred during testing, it 
was recorded and the gerbil was placed in a holding cage for 
10-15 minutes before continuing with the measurements. 

Enriched environment. After testing, the gerbils were 
kept in a small holding cage until all gerbils that lived to- 
gether were tested. Within each sex, alternate groups were 
identified as Enriched or Control and each group received 
consistent environmental treatment for one hour each month 
after testing. At four weeks of age, it was feared that outdoor 
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FIG. 2. Area of ventral gland (mm?) of enriched and control male 
(M-E, M-C) and female (F-E, F-C) gerbils from 2 to 7 months of age. 
Area calculated by formula for an ellipse ('/4 pi x L x W). 


enrichment would pose too big a risk considering the gerbils 
small size and possibly incomplete homeothermic mech- 
anisms [14]. Therefore, the 4-week-old gerbils received 
enrichment experience in the laboratory. Enriched gerbils, in 
groups that lived together, were placed in a 45 x60 cm plastic 
arena for one hour; control groups were held in an empty 
holding cage (15x26 cm) for an equivalent period of time. 
The large arena contained sixteen laboratory and household 
items that the gerbils could chew and climb over and 
through. 

Outdoor enrichment began at two months of age. In order 
to provide for the safety of the gerbils, the environment was 
enclosed in an aviary wire box (2.44 meters long x 76 cm 
wide X 61 cm high) placed inside an outdoor dog run (Fig. 1). 
The box had a sand and river rock substrate, and contained 
cement blocks, small boulders, desert plant materials, a dish 
of assorted laboratory feeds (dog, rat, guinea pig, rabbit), 
plus seeds and reinforcement pellets, and running water. The 
box was situated so as to provide both sun (weather permit- 
ting) and shade areas. This environment allowed exposure to 
extremes of weather of daytime Arizona desert. During the 
experiment from August, 1983, to April, 1984, temperature 
varied from 11°C to 41°C, wind velocity from calm to 25 
knots, visibility from 6 to 80 miles, humidity from 10% to 
64%, and barometric pressure from 28.230 to 28.830 inches 
of mercury. Temperature was recorded in two places in the 
outdoor box and other weather information for the time of 
exposure was obtained from Williams Air Force Base, 15 
miles southwest of the laboratory. The gerbils also received 
stimuli from other animals caged nearby (goats, sheep, dogs, 
coyotes), small wild animals (such as gophers and birds out- 
side the dog run), and smaller animal life (such as ants) inside 
the box. The control environment, the same small clear 
plastic box that was used at one month of age, was indoors. 
After the enrichment or control experience, the gerbils were 
returned to the home cage, an environment that did not differ 
between the groups (see the Subjects section, above). 


Statistical Analyses 


Data collected when the gerbils were 2-7 months of age 
were analyzed by Statistical Analysis System (SAS) and 
Biomedical Data Programs (BMDP). Univariate statistics 
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FIG. 3. Length of lower hindlimb (mm) of enriched and control male 
(M-E, M-C) and female (F-E, F-C) gerbils from 2 to 7 months of age. 


and correlation coefficients across measures were computed 
at each age. Multivariate analysis of variance (MANOVA, 
BMDP4V) was computed separately for (1) marking and ven- 
tral gland, (2) behavioral, and (3) nonbehavioral measures. 
Sex and enrichment experience were the grouping factors 
and age was the repeated measure. When significant mul- 
tivariate (overall) effects were found using the conservative 
T-square value, further univariate analyses (ANOVA) were 
computed to determine which dependent measures differed 
as a result of experimental manipulation. Although more 
than one gerbil per litter was included in some groups, the 
number of gerbils (rather than number of litters) was used for 
analyses after it was determined that there was equal or 
greater variability within litters than between litters. Data on 
percentage of seizures was analyzed by Chi square. 


RESULTS 


Statistical analyses are presented below only for those 
data in which there were significant effects of the enrichment 
experience. One hour of environmental enrichment per 
month facilitated adolescent growth of the ventral gland of 
male and female gerbils (Fig. 2). MANOVA was computed 
for marking and ventral gland together because of their well 
known dependence on gonadal hormones [18]. There were 
significant multivariate effects of sex, F(2,57)=213.41, 
p<0.0001, age, F(10,49)=34.49, p<0.0001, age x sex, 
F(10,49)=4.58, p<0.0001, and age x _ enrichment, 
F(10,49)=2.27, p<0.05. Separate ANOVAs revealed signifi- 
cant increases with age for marking, F(5,54)=3.56, p<0.01, 
and ventral gland, F(5,54)=70.63, p<0.0001. Male gerbils 
marked more than female gerbils, F(1,58)=23.19, p<0.0001 
and male gerbils had larger ventral glands than female ger- 
bils, F(1,58)=433.57, p<0.0001. The sex x age interactions 
showed that there was more positive acceleration in male 
gerbils than female gerbils for both marking, F(5,290)=5.42, 
p<0.0001, and area of the ventral gland, F(5,290)=5.83, 
p<0.0001. 

In addition, there was a significant age X enrichment in- 
teraction for ventral gland area, F(10,49)=2.38, p=0.05. At 
four weeks of age, gerbils have virtually no ventral gland, 
only a primordium where the gland will develop [7]. 
ANOVA by age showed that there was no significant ef- 
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FIG. 4. Percent of male and female gerbils that had a seizure during 
testing at 2 to 7 months of age. *p<0.05, **&p<0.01. 


fect of the first enrichment experience when the gerbils 
were next measured at 2 months of age. At 3 months, 
F(1,61)=8.32, p<0.01, and 4 months, F(1,61)=8.52, p<0.01 
of age, the ventral gland of enriched gerbils was greater than 
that of controls. In fact, at 3 months of age the ventral glands 
of enriched female gerbils was 56.8% larger than glands of 
control females. There were no effects of enrichment on ven- 
tral gland in either sex at 5, 6, or 7 months of age. 

Analyses of the nonbehavioral measures showed signifi- 
cant overall multivariate effects for sex, F(6,53)=6.66, 
p<0.0001, age, F(30,29)=70.91, p<0.0001, age x enrich- 
ment, F(30,29)=3.08, p<0.01, and age x sex X enrichment, 
F(30,29)= 1.92, p<0.05. Rapid growth was seen in measure- 
ments of the lower hindlimb (age x sex xX enrichment: 
F(5,54)=5.08, p<0.001; Fig. 3). Subsequent analyses by age 
showed that there were no sex X enrichment interactions for 
the length of the hind leg at 2 or 3 months of age. At 4 
months, F(1,61)=9.26, p<0.01, 5 months, F(1,61)=5.48, 
p<0.05, 6 months, F(1,61)=4.27, p<0.05, and 7 months, 
F(1,61)=4.30, p<0.05 of age, sex x enrichment interactions 
were representative of the fact that enriched male gerbils had 
longer hind legs than controls, whereas small mean differ- 
ences for female gerbils were in the opposite direction. 

There were no main effects of enrichment or interaction 
of enrichment with either age or sex on the behaviors meas- 
ured, although prior testing influenced these measures signif- 
icantly during development [7]. 

Overall Chi square revealed that distribution of seizures 
was not what would be expected by chance, x*(15)=98.5, 
p<0.001. Because more females had seizures than males, 
x2(5)=26.8, p<0.001 at 4 to 7 months of age (Fig. 4), enrich- 
ment effects were analyzed separately by sex. Enrichment 
did not significantly affect seizures in female gerbils, but 
more male gerbils with enrichment had seizures at 2 months 
and 4 months of age and fewer had seizures at 5 and 6 months 
of age than male control gerbils, x7(5)=26.44, p<0.001; Fig. 
5. 


DISCUSSION 


The surprising finding in this experiment was that one 
hour of environmental enrichment a month accelerated ado- 
lescent development. Enrichment experience was given after 
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FIG. 5. Percent of enriched (M-E) and control (M-C) male gerbils 
that had a seizure during testing at 2 to 7 months of age. xp<0.05, 
* xp <0.01. 


testing each month. Therefore, when differences were first 
seen in area of the ventral gland at 3 months of age, the 
gerbils had had one hour in the indoor enrichment box at | 
month of age and one hour outdoors at 2 months of age. The 
indoor environment was used at one month of age, because 
the small size of the gerbils and their incomplete temperature 
regulation would have put them at risk in the outdoor en- 
vironment. The periods between environmental enrichment 
were short enough for accumulation of effects. Gerbils 
should remember these stimuli for at least 4 weeks in the 
same way that they remember novel objects and odors [8]. 

The effects of this brief exposure to an outdoor environ- 
ment are particularly surprising considering not only the in- 
frequency and short duration of the enrichment conditions, 
but also because effects occurred well into adolescence, and 
because the comparison control group could not be consid- 
ered impoverished. In fact, the living conditions for both 
controls and enriched (groups of gerbils housed in large 
cages with bedding and climbing ladders) are probably better 
than those found in most laboratories. 

In the vast majority of experiments in which the effects of 
environment on brain and behavioral plasticity are exam- 
ined, the animals lived in the environmental condition for a 
month after weaning. More recent data, however, make it 
increasingly evident that biological organisms maintain some 
plasticity through much of the lifespan [9]. Further, the 
amount and timing of plasticity may differ dependent on such 
diverse factors as species, degree of novelty of enrichment 
experience, and perhaps the amount of impoverishment of 
the control group. 

The accelerated growth of male and female ventral gland 
following brief exposure to an outdoor, desert environment 
may be indicative of growth in a natural environment. Be- 
cause the size of the ventral gland is dependent on gonadal 
hormones [18], ventral gland area may be an indication of 
gonadal development. Therefore, the facilitation of growth 
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of the ventral gland suggests earlier sexual maturity that 
would give greater total reproductive capacity [3]. 

There were differential effects of enrichment on male and 
female gerbils. Environmental enrichment facilitated growth 
of the hindleg of male gerbils, whereas the mean hindleg of 
enriched female gerbils was slightly shorter than controls. 
Sex differences may be related to the fact that female gerbils 
at these ages have higher activity scores and rear more than 
male gerbils [5,7]. 

Significantly more female than male gerbils had seizures 
after three months of age (Fig. 4). Previous researchers have 
not found this difference [11, 12, 19]. In development of 
gerbils to 5 months of age, peak incidence of seizures oc- 
curred at 4 to 5 months in female and at 5 months in male 
gerbils [7]. Now it is apparent that frequency of seizures 
continues to increase up to 7 months in female gerbils in this 
paradigm. In subsequent data [5], peak incidence of seizures 
in enriched and control male gerbils occurred at 8 and 9 
months, respectively. 

The effects of environmental enrichment on seizures in 
male gerbils is complex. The fact that more gerbils in the 
enriched condition had seizures at two and four months of 
age than did controls may be due to genotype [4]. However, 
the reversal of these differences at five and six months of age 
appears to be the result of repeated exposures to the outdoor 
environment. The group difference in frequency of seizures 
cannot be due to home caging [11], because both groups 
lived in the same size cages with approximately the same 
number of gerbils per cage. Furthermore, the brief outdoor 
enrichment had a much smaller effect on seizure incidence 
than did housing in a complex environment [11]. It also 
should be remembered that seizures in our research were 
observed during experimental manipulations, and were not 
specifically induced. 

Mechanisms of facilitation of environmental enrichment 
on either behavioral or brain changes have not been deter- 
mined. It is likely that environmental effects, similar to ef- 
fects on attention [8], courtship [6], and sexual behavior [1], 
are the result of interactions of compound stimuli from all of 
the senses. The stimuli impinging on the gerbils in this treat- 
ment are heterogeneous and the method does not separate 
effects of such diverse stimuli as bright light, motor exercise, 
and novel objects and odors. 

The mediation of these enrichment effects may be due to 
neural stimulation resulting in altered endocrine events, such 
as growth hormone. Such events could continue in the home 
cage after enrichment experience, thus greatly extending the 
effects of one hour of experience. 
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SMITH, C. AND L. LAPP. Prolonged increases in both PS and number of REMs following a shuttle avoidance task. 
PHYSIOL BEHAV 36(6) 1053-1057, 1986.—Sprague-Dawley rats were trained in a 2-way shuttle shock avoidance task and 
continuously monitored polygraphically with EEG, EOG and EMG using an automated sleep state analyzer. PS increases 
were observed following the daily training sessions (50 trials/day for two consecutive days) and for at least 7 days following 
the end of these training sessions. As well, there was an increase in the number of REMs. The number of REMs increased 4 
hours prior to the onset of the increase in PS each day and remained high along with the elevated PS. A parallel PS 
deprivation study suggested that a vulnerable PS window occurs 9-12 hours after training in these rats. The results 


strengthen the idea that the PS related to learning is of a special nature with unique phasic characteristics. 


Paradoxical sleep REMs 


Sleep and learning 


REM density 





THE literature examining the relationship between sleep and 
learning in animals has been reviewed by several authors [9, 
14, 16, 17]. The data clearly suggest that paradoxical sleep 
(PS), at certain times following training, is necessary for 
learning in animals. After training in moderately complex 
tasks, PS has been observed to increase over normal levels 
in several strains of rats, cats and mice. There is evidence 
that this extra PS is confined to relatively small windows of 
time in the 24 hour day [17,23]. The latency to onset and 
duration of these PS windows following the training sessions 
appears to depend on the strain of animal, the type of task 
and the number of training trials per session [17,23]. Selec- 
tive, short PS deprivations (PSD) at times when the PS win- 
dow would normally occur, retards learning progress [17,19]. 
The findings suggest that the PS in these windows may be 
different than PS at other times. One difference might be 
changes in PS intensity as measured by REM distribution 
and density. Both REM increases [3,21] and REM decreases 
[20] following learning have been reported in preliminary 
work. Such REM changes would implicate those brain struc- 
tures closely related to REMs in the learning process. For 
example, in the cat, it is known that the REMs are highly 
correlated with ponto-geniculo-occipital (PGO) activity [4]. 
More recently, a PGO equivalent has been found in the rat. 
This PGO equivalent is also highly correlated with the REMs 
[13]. 


EXPERIMENT | 


The present study was done to explore the possibility that 
the number and/or density of REMs might change along with 
the amount of PS as learning takes place. 
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METHOD 


Sprague-Dawley rats (N=12) were implanted with EEG, 
EMG, and EOG electrodes under Nembutal anaesthesia. 
The EOG electrodes were made of 0.1 mm diameter, Teflon 
coated silver wire with one end enlarged, by gentle heating, 
to form a ball. The wire was passed up from the edge of the 
eye through the open head incision by means of an ordinary 
sewing needle so that the ball tip came to rest in the muscles 
at the edge of the eyeball. Two electrode wires were inserted 
for each eye. After the operation, animals were given 10 days 
to recover and then acclimatized to the recording cable for 
another 8 days. Slow wave sleep (SWS), PS and awake (A) 
activity were scored by means of an automatic sleep state 
analyzer [5], in epochs of 30 seconds. The number of REMs 
were scored by setting the EOG recording channel at a cer- 
tain amplitude level and then connecting the output to a trig- 
ger system such that all REMs above a certain amplitude 
were counted. These data were stored along with the appro- 
priate sleep or waking activity on disk of an Apple II Plus 
microprocessor [15]. After 3—4 days of continuous (24 hours/ 
day) polygraphic recording, 9 of the animals were trained in 
a 2-way shuttle shock avoidance task (50 trials/day) for 2 
consecutive days. 


RESULTS 
The Learning Task 


There were 6 animals that learned the 2-way shuttle shock 
avoidance task (50 trials/day) in less than 100 trials, such that 
in the last 20 trials of the second training day, there was a 
score of at least 14/20 or 70% correct. These were called fast 
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FIG. 1. Comparison of fast learning (FL) vs. combined controls. 
Points represent the PS differences from mean baseline values based 
on 24 Hr PS totals. TDi and TD2 represent training days 1 and 2. 


P17 represents the 7 post training days of sleep monitoring. PS of 
the FL group was superior to that of controls (p<0.05). 


learning (FL) animals. Three animals did not learn the task 
within the 100 trials and required from 150-300 trials to reach 
the criterion. They were considered to be slow learning (SL) 
animals, and from previous work, it is known that SL 
animals do not show marked changes in PS following task 
acquisition [22,23]. Thus, these animals were considered to 
be controls and were combined with three animals that were 
not exposed to the test situation at all, although they were 
continuously recorded in the regular manner for at least 15 
days. 


The Sleep Data 


One animal in each of the FL and control groups did not 
have an accompanying REMs measure to go with the PS, 
SWS and Awake measures. Thus the analyses on the REMs 
measure and REMs densities are based on N= 10, rather than 
N=12. REMs densities were calculated as follows: (Number 
of REMs during PS/Duration of PS in minutes). All analyses 
were done using a repeated measures ANOVA. All values 
used in the ANOVA were difference scores such that each 
animal was compared with its own pretraining mean baseline 
value. These scores, for both test and control rats, were then 
compared in the ANOVAs. 

The FL animals exhibited more total daily PS both during 
and after the training sessions, F(1,11)=9.33, p<0.01 and 
these PS increases seemed most pronounced 5 days after the 
last training day (Fig. 1). A further examination of just when, 
in the 24 hour cycle, the PS increases were most prominent 
was also done. The 24 hour day was divided into two equal 
12 hour periods throughout the entire length of the experi- 
ment. The first 12 hours coincided with the light or Day half 
of the 24 hour period (Hr 1-12), while the second 12 hours 
(Hr 13-24) coincided with the dark or Night half of the 24 
hour period. The beginning of the first 12 hours also coin- 
cided with the end of the training sessions, when they oc- 
curred. PS in the first 12 hours following the training session 
(Hr 1-12) was not different between test and control groups. 
There was a significant days effect, F(8,80)=4.41, p<0.01. 
However, in the second 12 hours (Hr 13-24), the PS of the 
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FIG. 2. Comparison of fast learning (FL) vs. combined control 
animals. Comparisons were made over a 9 day period, examining the 
data in 4 Hr blocks. Analyses examined PS differences from baseline 
values. Only the 21-24 Hr segment was significantly greater for FL 
vs. control animals (p<0.05). 


FL animals was superior to that of the controls, 
F(1,11)=5.85, p<0.05. There was also a significant days ef- 
fect, F(8,80)= p<0.05 for both groups. The days ef- 
fects appeared to be due to the day to day fluctuations of 
both the test and control groups. The results were further 
broken down into 4 hour segments to see if the timing of the 
PS incveases could be even more precisely determined. Only 
one 4 hour block (Hr 21-24) reached significance, 
F(1,11)=6.04, p<0.05 when the data were analyzed in this 
fashion. The results can be seen in Fig. 2. 

An analysis of the REMs was also carried out in the same 
way. The measure used was the %REMs, since absolute 
number of REMs varied a great deal from animal to animal. 
Thus, the difference scores of each animal were transformed 
into percentage differences from baseline (ZREMs = 
number of REMs — number of baseline REMs/number of 
baseline REMs x 100).The 24 hour total comparison be- 
tween test and control groups was significant, F(1,9)=7.53, 
p<0.05 and the results can be seen in Fig. 3. In general, the 
results are very parallel to the PS results, indicating that the 
most remarkable increases occurred several days after the 
end of the training sessions. Examination of 12 hour blocks 
showed no difference in Hr 1-12, but a significant difference 
during Hr 13-24, F(1,9)=7.58, p<0.05. These results parallel 
those of the PS measure. Analyses of the 4 hour blocks re- 
vealed significantly higher ZREMs in Hr 5-8, F(1,9)=18.32, 
p<0.005 and Hr 21-24, F(1,9)=5.13, p<0.05 (Fig. 4). There 
was no overall REM density increase in the 24 hour totals, 
nor were there any 12 hour block differences. However, in 
the 4 hour block analyses, a significant increase in this meas- 
ure was found from Hr 5-8, F(1,9)=7.99, p<0.05. There were 
no other 4 hour block differences. These results can be seen 
in Fig. 5. 

A similar ANOVA was done on the SWS measure, and no 
differences were found between the two groups. A PS/Total 
sleep (PS/PS + SWS x 100) analysis was also added (%PS), 
and in this analysis, there was a significantly larger ZPS 
value for the FL animals, F(1,11)=7.53, p<0.05. An exam- 
ination of the number of PS periods revealed that the test 
animals had a larger number than did the controls, 





PS AND REM INCREASES AFTER LEARNING 


FL vs.) CONTROLS 


FL e+ 
CONTROLS =---< 


BASELINE 





X % REMS FROM 








DAYS 


FIG. 3. Comparison of fast learning (FL) vs. combined control 
animals. Points represent mean percent differences from baseline 
values based on 24 Hr REM totals. TD1 and TD2 represent training 
days 1 and 2. PI-7 represent the 7 post training days of sleep 
monitoring. The number of REMs of the FL group was superior to 
that of the controls (p<0.05). 


F(1,11)=6.40, p<0.05. There was also a groups x days in- 
teraction on this measure, F(8,80)=2.21, p<0.05. This in- 
teraction was apparently due to the very slightly higher 
number of PS periods exhibited by the controls on training 
day 2 compared with the much higher number of PS periods 
exhibited by the FL group on all of the other recording days. 
A similar examination of average PS episode size showed no 
differences between the two groups. 

Since the rat spends so much of its sleep time in SWS 
(80-90%), there is always the possibility that the PS in- 
creases observed are simply due to an overall increase in 
Total sleep (PS + SWS). However, it does not seem likely 
that the PS increases are due to a total increase in sleep, 
rather than to PS alone. An ANOVA of SWS did not reveal 
any differences between test and control animals. Further, 
an ANOVA of %PS revealed FL animals to be superior to 
controls. 


EXPERIMENT 2 


Only a small number of studies have actually been per- 
formed in which a recording study has been followed by a 
PSD study under identical experimental conditions. Yet it is 
only in this way that one can identify the times when the PS 
increases are absolutely necessary for learning to take place. 
These times have been dubbed PS windows [17]. In order to 
test the possibility that the increase in REMs density might 
be vital to the learning progress of the animals, an extensive 
PSD study was carried out using the same strain of rat, train- 
ing task and number of training trials per day. 


METHOD 


The PSD was done by means of the ‘“‘swimming pool” 
technique. Each animal was placed on an inverted flower pot 
with an 8.5 cm diameter base. The pots were surrounded 
with water up to the level of the base. This allowed the rats 
to remain perfectly dry, with the exception of the tail. Al- 
though it was possible for an animal to get some SWS, when 
it attempted to relax enough to get PS, its head touched the 
water, resulting in arousal. Naive Sprague-Dawley male rats 
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FIG. 4. Comparisons of the fast learning (FL) vs. combined control 
animals. Comparisons were made over a 9 day period examining the 
data in 4 Hr blocks. Analyses were based on mean percent REMs 
from baseline values. FL animals were superior to controls in the 
5-8 Hr block (p<0.005) and in the 21-24 Hr block (p<0.05). 


weighing 350-450 g were randomly assigned to one of 7 
groups. Each group was composed of 16 animals (Total 
N=112). The 7 groups were as follows: 

GRC. These control animals were given 50 training trials 
in the 2-way shuttle shock avoidance task for 2 consecutive 
days. No PSD was ever imposed. 

GR 1-4. These rats were given 50 training trials, as was- 
the GRC group. Immediately following each training session, 
they were placed in the PSD situation for 4 hours. 

GR 5-8. These animals were given 50 training trials and 
then allowed 4 hours to rest in their home cages. From hours 
5-8 following each training session, they were placed in the 
PSD situation. 

GR 9-12. These rats were given 50 training trials followed 
by 8 hours in the home cage. Then they were placed in the 
PSD situation for a 4 hour period from 9-12 hours after each 
training session. 

GR 13-16. Training was followed by a 12 hour rest in the 
home cage. This rest was followed by 4 hours of PSD during 
the 13-16 hours after the training sessions. 

GR 17-20. These rats were treated in an identical manner 
to rats in the other test groups except that the PSD period 
occurred from 17-20 hours after the training sessions. 

GR 21-24. The PSD period was from 21-24 hours after the 
training sessions. Otherwise they were treated in exactly the 
same manner as all of the other test groups. 

All animals were trained between 9-11 a.m. each day and 
were run in batches of four, with two rats being from one 
PSD or the GRC group and two from a different group. Suc- 
cessive groups of 4 were run to finally make a total of 16 per 
group. In this way, no particular group could accidentally 
come from one litter. A 12 hour light-dark cycle was imposed 
on all animals, the light cycle beginning at 8 a.m. and the 
dark cycle beginning at 8 p.m. each day. 


RESULTS 


Only animals in the GR 9-12 group were significantly re- 
tarded by the 4 hour PSD situation. All of the other groups 
had scores on the second training day that were the same as 
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FIG. 5. Comparisons of the fast learning (FL) and combined control 
animals. An examination of group differences for a 9 day period 
during the 5-8 Hr block. Mean percent REM density for the FL 


animals during this time period was superior to that of the controls 
(p<0.05). 


those of GRC, the non-deprived controls. An analysis of 
variance revealed a significant increase in correct trials over 
the two training days, as expected, F(1,105)=8.48, p<0.01. 
There was also a significant groups x days interaction, 
F(6,105)=3.09, p<0.05. 

Individual comparisons between groups were done by 
means of the Neuman-Keuls test. The GR 9-12 group acqui- 
sition score was significantly poorer p<0.01 than all of the 
other test and control groups. Further, none of the remaining 
groups were found to be different from each other. The 
groups X days interaction would be expected, as scores on 
the initial training day (TD1), before the PSD, were not dif- 
ferent for any of the groups. After the PSD, scores on TD2 
were differentially lower for the GR 9-12 group. 


DISCUSSION 


As has been observed in previous studies, PS elevations 
above normal levels followed the successful acquisition of 
the shuttle avoidance task [17, 22, 23]. The PS increases in 
this particular task, with 50 trials/day for 2 consecutive days 
seem primarily concentrated in the period 13-24 hours fol- 
lowing the end of the training sessions and they persist in a 
cyclic manner for at least 5 days after the end of the training. 
Because of the variability of the data, only one of the 4 hour 
block analyses (Hr 21-24) showed a significant increase in 
PS. An examination of Fig. 2 suggests that the PS increases 
probably started even sooner (sometime in the Hr 9-12 
block), although the PS differences in this block, as with all 
but the Hr 21-24 block, were not statistically reliable. In a 
recent review of the animal literature [17], it seems that the 
PSDs had to be applied at such times following training to 
coincide with the onset of the PS increases following training 
in order to be maximally effective. Applications at later 
periods were either less effective or not effective at all. The 
results of the present study support these findings. Coupled 
with the results of Experiment 2, it seems likely that for 50 
trials/day in a 2-way shuttle avoidance task, the PS window 
for a Sprague-Dawley rat exists in the 9 to 12 hour period 
following training. 
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The results show not only an increase in PS and REM 
scores of the FL group above their original baseline levels 
but a drop in those scores of the combined SL and non- 
trained control (C) animals on the same measures below their 
original baseline levels. Analyses of variance treating the 
FL, SL and C groups separately were done, followed by 
orthogonal comparisons on the SL vs. C group. These 
groups were never found to be different from each other. The 
fact that there is a drop in the values of the parameters meas- 
ured over time is one that has been observed in various 
controls in other studies [17, 18, 23]. 

One of the unique findings in this study has to do with the 
REMs measures. It is not surprising that the number of 
REMs increases along with the number of minutes of PS. 
What is surprising is that in Hr 5-8, there is an increase in the 
density of the REMs. This means the number of REMs in- 
creases prior to the increase in number of minutes of PS. It is 
as if the training situation has triggered a PS mechanism 
which begins each day with an increase in REMs density 
from about 4-8 hours after the end of the sessions and then 
switches to an increased number of periods of PS (and thus 
number of minutes of PS) for many hours to follow. The 
number of REMs continues to be high, but the REM density 
drops. There are several possible explanations for the fact 
that the PSD in Hr 5-8 did not result in learning deficits. It 
may be that this activity is not necessary for learning to take 
place. However, it seems more likely that the increased 
REMs can be delayed and if not allowed to occur in Hr 5-8, 
would occur later, at the first opportunity, in Hr 9-12 along 
with the beginning of the increase in number of minutes of 
PS. It is in this transitional period that the PSD is most 
effective and thus the memory/storage system seems most 
vulnerable. It is possible that this series of complex events 
signals some changes in status or state of the recently ac- 
quired material. It might indicate transfer or processing of 
material from a more labile to a more permanent memory 
system. This view is strengthened by the other major finding 
in this study, namely that the PS and REM phenomena per- 
sist for so many days after the end of the actual acquisition 
period in a cyclic manner, appearing at the same time each 
day. Although the learned material seems vulnerable on the 
first day only, it also seems possible that processing of some 
kind continues for many days. Whether or not memory/stor- 
age is vulnerable at those later times (i.e., 4-7 days after 
training) remains unknown, since the PSD studies have not 
yet been done. Although the form of this processing is un- 
known, some previous work suggests a cholinergic mech- 
anism may be at work. It has been reported [7,24] that mem- 
ory was susceptible to anticholinergic agents with a peak at 
seven days following the original training task. This time 
coincides almost exactly with the peak PS observed follow- 
ing training in the shuttlebox task of the present study. 
Coupled with the striking parallel between the learning and 
enriched environment data and their relation to sleep states 
[16,17], it seems possible that a cholinergic mechanism is 
involved in some way with these PS increases. Such an idea 
can be readily tested. 

There seems to be a variety of reasons for REM density 
changes. It has been reported [6] that the density of REMs 
was increased following REM deprivation in the cat and was 
most pronounced when PGO spike deprivation was utilized. 
Thus, these data suggested that the REMs were a measure of 
REM sleep intensity, particularly of the phasic component. 
However, a glance at the human sleep literature suggests 
that there is not much general agreement on the nature and 
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function of REM density. This measure has been considered 
to be an indicator of sleep satiety [2]. Other workers have 
hypothesized that it is one indicator of REM sleep intensity 
[8], while another group [1] has suggested that REM density 
is independent of the other REM sleep measures and may 
reflect a separate, independent mechanism. 

The REM density has been shown to be a diagnostic indi- 
cator of primary depression, with these patients having 
higher REM density than secondary depressives [10, 11, 12]. 

Studies relating REMs to learning or learning ability are 
virtually non-existent in the animal literature. One prelimi- 
nary study examined REM density changes under partial PS 
deprivation conditions. Thus the result that REM density 
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was reduced in animals that learned the task may well be 
confounded with the PS deprivation situation [20]. A few 
human studies have noted a relation between the REMs 
density and learning. A preliminary report [21] suggests that 
REM density increases appear in students following inten- 
sive periods of study. A relationship was reported [3] be- 
tween REM storms in infants and subsequent level of mental 
development. The later the onset of these REM storms, the 
more likely the infant was to be delayed. 

Clearly, the exact function of the REM density is not yet 
well understood and may indicate a variety of conditions. 
The results of the present study suggest that REM density is 
closely related to the learning process. 
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SMOKING is a major preventable cause of serious illness 
and premature death. Yet there has been little progress in 
preventing disease due to smoking because most efforts at 
intervention are relatively ineffective and are marked by high 
rates of recidivism [9]. A major obstacle to effective treat- 
ment of smoking is the failure to unravel the complex tangle 
of physiological, pharmacological, psychological and social 
factors that play a role in initiating and sustaining compulsive 
use. In the present study, we examined cyclic consumma- 
tory behavior, a manifestation of a physiological rhythm that 
at high frequencies may predispose people to become 
habitual smokers or may later sustain their smoking behav- 
ior. While we are all aware of conventional meal patterns, we 
focus less on shorter cyclic patterns of ingestion known as 
ultradian consummatory rhythms. These rhythms occur in 
people and other primates with periods ranging from about 
40 to 150 minutes; and in addition to eating and drinking may 
encompass such nonnutritive oral behaviors as smoking [1, 
6, 10, 11). 

Of particular interest are two studies of consummatory 
behavior in human subjects. In 1967 Friedman and Fisher [6] 
reported a 96 minute cycle of food, beverage and cigarette 
consumption among smokers. More recently, in a study by 
Oswald and coworkers [11], smokers also showed an approx- 
imately 90 minute oscillation in ingestion, but in this case 
primarily noncaloric foods and beverages were available and 
cigarette smoking was not included in the data analysis. 
Clearly then, it is not smoking activity alone which gives 


periodicity to consummatory behavior. Further, cycling of 
ingestive behavior in the absence of significant caloric intake 
suggests the involvement of an endogenous timing mech- 
anism. Much other evidence supports this concept. 

In the present study we explored oral ingestive cycles in 
smokers, exsmokers and nonsmokers. The hypotheses were 
(1) that ultradian consummatory rhythms would be observed 
in all groups of subjects; (2) that smokers would exhibit 
higher ultradian frequencies, i.e., more frequent peaks of 
eating and drinking, than nonsmokers; and (3) that exsmok- 
ers would show consummatory patterns similar to those of 
smokers. A preliminary report supporting these hypotheses 
appears elsewhere [7]. 


METHOD 
Subjects 


Forty-four subjects between the ages of 18 and 44 partici- 
pated in the study. A screening interview was administered 
to exclude individuals reporting health or emotional prob- 
lems, taking medications or regularly using other drugs, 
adhering to special dietary plans or undergoing acute life 
stress. Subjects formed three groups: 17 were smokers, 12 
were exsmokers and 15 were nonsmokers. The smokers re- 
ported a mean current cigarette use of 19.8+3.6 SEM ciga- 
rettes per day (range=3 to 70), and an average of 9.3+1.5 
years of smoking history. Exsmokers reported prior mean 
cigarette use of 20.8+3.6 cigarettes per day (range 3 to 42) 
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TABLE 1 


MEASURES OF CONSUMMATORY ACTIVITY IN SMOKERS, EXSMOKERS AND NONSMOKERS DURING 
6-7 HOUR PERIODS 





Peak Peak 

Cycle Cycle 
Frequency Length 

(CPH) (Min) 


Consum- 
matory 
Episodes 
Per Hour 


Consum- 
matory 
Bursts 

Per Hour 


Estimated 
Calories 
Per Hour 


Bites 
+ Sips 
Per Hour 





Smokers 
Exsmokers 
Nonsmokers 


1.08 + 0.104 65 
1.12 + 0.09* 67 
1.52 + 0.16 91 


0.72 + 0.044 
0.71 + 0.05 
0.56 + 0.04 


1.33 + 0.107 
1.46 + 0.18* 
0.97 + 0.14 


.t22:7 
20.6 + 2.7 
21.3 + 2.6 


154 + 18 
114 + 14 
143 + 21 





*Significantly different from nonsmoker, p<0.05; tp<0.025; $p<0.01. 


Values represent Mean + SEM. 
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FIG. 1. Mean percent spectral power in 23 spectral frequencies (cy- 
cles per hour) for sip + bite patterns of smokers, exsmokers and 
nonsmokers. 


for an average of 10.2+2.1 years followed by 3.8+1.4 years 
of abstinence from cigarettes. Nonsmokers reported never 
having used tobacco. 

Subjects deviated less than 20% from their ideal weights 
for height and the groups were equivalent in percent devia- 
tion from ideal [5] by one-way analysis of variance 
(ANOVA). Women predominated in all groups (nine of 17 
smokers, eight of 12 exsmokers, nine of 15 nonsmokers). 
Using two-way analysis of variance, no sex differences were 
found in the major dependent variables (peak spectral fre- 
quency for consummatory activity, rate of consummatory 
episodes or rate of consummatory bursts). A small but 
statistically significant difference in age between nonsmok- 
ers and exsmokers (p<0.05) was found using one-way 
ANOVA. Mean (+SEM) ages of the groups were 23.6+1.1 
for nonsmokers, 26.4+1.8 for smokers and 30.4+2.2 for 
exsmokers. Whether the statistical difference in age has 
physiological significance is unclear. Of the major dependent 
variables, age correlated significantly only with rate of con- 


summatory bursts (r=0.41, p<0.01). Correlations between 
age and peak spectral frequency and age and rate of con- 
summatory episodes were not significant (r=0.26 and 
r=0.22, respectively). 


Procedure 


Each subject was observed individually through 1l-way 
glass by one of the authors (J.G.) or a trained assistant for a 
period of 6 or 7 hours beginning at 9 a.m. The subject’s room 
was comfortably furnished and had a refrigerator stocked 
with beverages, cheeses and fruit. Snacks and hot drinks 
were located on a table. Subjects were told that they were 
participating in a study concerned with the ways in which 
people structure time in an environment without time cues. 
Subjects brought work, leisure reading and hobby materials 
and were instructed to follow their inclinations as though 
spending a quiet day at home. 


Analysis of Data 


Consummatory activities were recorded by the observer 
as they occurred in each 5-minute interval of the observation 
period. Number of sips, bites and puffs, as well as total 
amounts of items consumed, were noted. A sip was defined 
as any intake of fluid into the mouth followed by swallowing; 
a bite as any intake of solid food into the mouth that was 
followed by chewing and/or swallowing. Patterns of sips + 
bites were treated as the dependent variable in the time 
series analysis of the data and in the computation of con- 
summatory episodes and bursts. Puff patterns were not in- 
cluded in the present analyses because there was no com- 
parable measure across all 3 groups. In a pilot study vid- 
eotape recordings were made in addition to on-site data logs. 
Taping was discontinued because it did not add to the accu- 
racy of the raw data and the panning of the cameras made 
subjects both uncomfortable and suspicious as to research 
motives. Because smokers were free to use cigarettes, it was 
not possible for observers to be blind to the status of sub- 
jects. However, since feeding behavior is a binary function 
involving virtually no interpretation, observer bias was not 
considered an appreciable source of experimental error. 

A time series technique, spectrum analysis, was used to 
identify and evaluate ultradian rhythms in consummatory 
data. Spectrum analysis decomposes a waveform into its 
component sine and cosine waves, providing information on 
the relative contributions of a spectrum of underlying fre- 
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FIG. 2. Mean consummatory bursts (meal and snacking patterns) 
per hour in smokers, exsmokers and nonsmokers. 


quencies to the total variance of the series. Each frequency 
component contributes a percentage of the total power of the 
spectrum. Since the spectrum is linear in frequency, not 
period, statistical comparisons have been performed on fre- 
quency values. A scheme that was developed specifically to 
evaluate short time series similar to those of the present 
study [12] was used to compute each subject’s individual 
spectrum. Slow trends in consummatory patterns were esti- 
mated by fitting a robust locally weighted regression to the 
data [2]. The slow trends were then subtracted from the data 
and the residuals used for susbsequent analysis. Removal of 
this type of slow trend is a necessary prerequisite for spec- 
trum analysis [13]. Outliers were identified using Tukey’s 
schematic plot method [14]. High and low ‘‘fences’’ were 
calculated respectively as the third quartile + (1.5 x inter- 
quartile range) and the first quartile — (1.5x interquartile 
range). Since outliers distort the spectrum, values lying out- 
side the high and low fences were adjusted to the value of the 
high or low fence to bring the outliers back within the range 
of the bulk of the data. The spectrum was computed by 
fourier transforming the detrended residuals via fast fourier 
transform. The fourier-transformed frequency estimates 
were smoothed to form the final spectrum. 

Because the locally weighted robust regression involves 
nonlinearities that preclude an analytic description of its 
transfer function, the effects of the detrending procedure on 
the spectrum were estimated empirically. We generated 1000 
random series. Each series was 84 points long, the length of 
most of the consummatory data series. Two spectra were 
computed for each series, one on the raw series and one on 
the series detrended using the same locally weighted robust 
regression that was used to detrend the consummatory data. 
Differences between the two sets of spectra showed that the 
detrending procedure suppressed power near zero fre- 
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FIG. 3. Mean consummatory episodes per hour in smokers, 
exsmokers and nonsmokers. 


quency. Detrending removed 93% of the power at the first 
spectral frequency, 35% of the power at the second spectral 
frequency, and had no detectable effect on spectral frequen- 
cies at or above the third spectral frequency. Thus, the de- 
trending procedure had its desired effect: it removed power 
very near zero frequency, but did not alter the magnitude of 
the spectrum in the periods of interest (periods of 150 min- 
utes or less). 


RESULTS 


The time series analysis revealed that ultradian rhythms 
in eating and drinking, of periodicity between 40-150 min- 
utes, occurred in each of the three groups of subjects (Table 
1). To test for the existence of rhythms in each individual's 
full spectrum, we computed the Kolmogorov-Smirnov test 
for white noise. This involved computing the one sample 
Kolmogorov-Smirnov cumulative distribution test against 
the expected distribution for white noise. In all but four 
cases (all nonsmokers), the observed spectra had ultradian 
peak cycle lengths of 150 minutes or less that deviated signif- 
icantly (p<0.05) from white noise. Given the relatively short 
data series involved, we regard these results as strong evi- 
dence of ultradian rhythms in our subject groups. Four 
nonsmokers, but no subject with a history of cigarette use, 
ate so infrequently that their peak cycle frequencies were too 
low (cycle periods too long) to be accurately estimated by 
the spectrum analysis. Data of these subjects were excluded 
from further statistical analysis of spectrum values. Thus, 
the computed spectrum differences between nonsmokers 
and subjects with histories of cigarette use are even greater 
than we report. 

Second, it was found that smokers and exsmokers had 
similar cycles which in both cases were significantly shorter 
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(that is, of higher peak frequencies) than those of nonsmok- 
ers. The mean spectrum power peaks were derived by com- 
puting a mean within each group from the peak frequency in 
each subject’s spectrum. The peak spectrum frequency is the 
frequency with the greatest power; that is, the one that most 
contributed to the variance of the subject’s time-related pat- 
tern of data. It is apparent that subjects who ever smoked 
had mean peak cycle lengths about 25 minutes shorter than 
people who never smoked. 

Examination of the mean power spectra of the three 
groups of subjects for sip + bite patterns reveals clear differ- 
ences in the distribution of power among groups (Fig. 1). 
These averaged power spectra were calculated for each 
group by finding the mean power value at each of the first 23 
frequencies of the spectrum. Power values of the remaining 
frequencies were negligible in all cases. Compared with 
nonsmokers, the mean cumulative spectrum power of smok- 
ers and exsmokers was shifted to the right in the ultradian 
range, that is, to higher ultradian frequencies (shorter 
periods). The mean spectrum power peaks of smokers and 
exsmokers were also to the right of that for nonsmokers. 

It is important to note that smokers and exsmokers did 
not engage in more ingestive behavior on the whole than 
nonsmokers, either in terms of sips + bites or in terms of 
estimated calories (Table 1). An analysis of variance re- 
vealed no significant differences between groups on the 
magnitude of these variables. If anything, the exsmokers had 
the least consummatory activity but they by no means 
showed the lowest cycle frequencies. Thus it was the differ- 
ences in distribution of intake that produced higher fre- 
quency patterns of consummatory activity in smokers and 
exsmokers. 

Two other measures of the frequency of consummatory 
impulses were examined. One measure, consummatory 
bursts (CB), was defined as any sips or bites in a five-minute 
interval separated from other eating and drinking by one or 
more five-minute intervals in which no ingestion took place. 
Thus the consummatory bursts reflected intermittent nib- 
bling, snacking and sipping as well as more substantial or con- 
tinuous bouts of ingestion. As seen in Table 1, the mean 
number of consummatory bursts per hour was significantly 
higher among smokers and exsmokers than nonsmokers. 
The distributions of hourly consummatory burst rates among 
individuals of the three groups are plotted in Fig. 2. The 
nonsmokers’ values were clustered at the lower end of the 
range of consummatory bursts per hour (87% of nonsmokers’ 
values were below 1.15 per hour) whereas the majority of 
smokers (71%) and exsmokers (58%) values were above 1.15 
CB per hour. 

Another measure of ingestive tendency, consummatory 
episodes (CE), reflected more substantial bouts of consump- 
tion. Consummatory episodes were defined as eating, drink- 
ing or some combination of these, exceeding a total of three 
bites or sips, which began 15 or more minutes after a prior 
episode and which ended at least 15 minutes before the onset 
of a subsequent episode. It is clear from Table 1 that smokers 
and exsmokers engaged in significantly more consummatory 
episodes than nonsmokers. The distributions of the hourly 
rate of consummatory episodes among individuals in the 
three groups are represented in Fig. 3. The vast majority of 
hourly rates among those who ever smoked (71% of smok- 
ers, 83% of exsmokers) were above 0.66 episodes per hour, 
while 60% of nonsmoker values were below that level. It is 
quite interesting that the one exsmoker with a very low rate 
of consummatory episodes was a woman who quit smoking 
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with great ease when she became pregnant several years ago 
and who reportedly has never missed cigarettes since. 


DISCUSSION 


In conclusion, the present work indicates that ultradian 
rhythms in consummatory behavior are a general phenom- 
enon in human subjects. Clearly, these rhythms occur inde- 
pendently of smoking, since smokers, exsmokers and people 
who never smoked all exhibited consummatory cycles in the 
ultradian range (40-150 minutes). This finding supports other 
evidence that ultradian consummatory cycles are manifesta- 
tions of an endogenous physiological rhythm [1, 5, 6, 10, 11]. 
The widespread occurrence and relative regularity of these 
rhythms coupled with their persistence in the absence of 
significant nutritive input [11] constitute strong evidence for 
the influence on feeding patterns of an endogenous timing 
mechanism. An empirical link between feeding cycles in 
waking life and the endogenous REM rhythm of sleep is 
suggested by work of Danguir and Nicolaides [3] who re- 
ported that rats lesioned in the ventral hypothalamus exhib- 
ited more frequent episodes of both feeding and of paradoxi- 
cal (REM) sleep than control animals. 

Second, the findings suggest that shortness of the ultra- 
dian consummatory period contributes to the impulse to 
smoke. Both smokers and exsmokers showed significantly 
shorter consummatory periods than nonsmokers, resulting in 
more frequent peaks of eating and drinking. The increased 
frequency of consummatory cycles in smokers and exsmok- 
ers was related to altered distribution of feeding activity, not 
to an overall increase in activity. The similar length of con- 
summatory periods of smokers and exsmokers indicates that 
the more frequent oral impulses observed in these groups are 
not an acute pharmacological effect of nicotine or a result of 
other short term aspects of tobacco use. Instead, short con- 
summatory cycles seem to be more characteristic of people 
who have ever been habitual smokers than those who have 
not. It is important to note that these shortened cycles are 
apparent even well after individuals have ceased to smoke. 

Interestingly, the consummatory patterns in our subjects 
bear a marked resemblance to the feeding patterns of some 
animals. In a recent study by Hansen and her colleagues [8], 
rhesus monkeys maintained on a liquid diet ad lib showed 
great individual variation in their styles of feeding. The feed- 
ing patterns formed a continuum with frequent small snacks 
at one extreme and infrequent substantial meals at the other. 
Our subjects showed a similar continuum of feeding styles in 
the laboratory. And interview information, solicited from the 
last 12 subjects, suggests that such diverse consummatory 
styles are manifested in life as well as the laboratory. The 
physiological significance of individual differences in con- 
summatory patterns is a matter for speculation, but among 
people these differences appear to have implications for 
cigarette smoking and perhaps, additionally, for some other 
consummatory disorders. Friedman [5], for example, re- 
ported that very obese smokers had significantly shorter 
consummatory cycles than normal weight smokers. 

At present we cannot determine whether the short ultra- 
dian periods precede the smoking habit or ensue from it. If 
short periods precede smoking, then they would appear to be 
a predisposing factor in the development of the cigarette 
habit. Alternatively, if smoking shortens the ultradian 
period, then an important consequence of smoking would be 
a relatively permanent increase in the frequency of oral ac- 
tivity, since short cycles were observed in exsmokers after 
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several years of abstinence. In either event, the relationship 
between smoking behavior and the length of the ultradian 
consummatory period would appear to be important in un- 
derstanding the nature of compulsive smoking. However it 
became established, (unless it were an independent correlate 
of smoking history), the shorter period of smokers’ ultradian 
rhythms could contribute appreciably to the persistence of 
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the smoking habit or to the degree of difficulty in quitting or 
remaining abstinent. Thus in the future it may be possible to 
develop empirically based intervention strategies that target 
the short consummatory cycles of smokers and thereby al- 
leviate or permit better management of the heightened oral 
drive. 
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SANTUCCI, A. C. AND D. C. RICCIO. Hypothermia-induced anterograde amnesia and its reversal in rats trained ona 
T-maze escape task. PHYSIOL BEHAV 36(6) 1065-1069, 1986.—Previous studies have demonstrated anterograde amnesia 
(AA) and its reversal in rats trained on passive avoidance tasks. The present investigation was conducted to determine 
whether induction and/or reversal of AA is limited to inhibitory learning tasks or whether these phenomena can be 
illustrated in behavioral situations involving choice. Accordingly, in Experiment 1, rats were trained on a T-maze escape 
task as either hypothermic (28°C) or normothermic. Twenty-four hours later half of each acquisition group was tested as 
either hypothermic or normothermic. Results indicated a stern retention decrement for animals trained at a lower body 
temperature and tested as normothermic. However, this prograde memory deficit was attenuated when animals were 
recooled shortly prior to testing. In an attempt to extend the phenomenon of memory recovery observed in Experiment 1, 
Experiment 2 examined whether pretest injections of d-amphetamine (0.5 mg/kg), a purported amnesia-attenuating agent, 
could lessen the AA induced by hypothermia. Amphetamine, at least at the dose used, did not reduce the memory 


impairment. Results are interpreted in terms of the state dependent nature of memory. 


Hypothermia-induced anterograde amnesia 
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SEVERAL recent studies have provided clear demonstra- 
tions of anterograde amnesia (AA), that is, the forgetting of 
events that follow a traumatic insult to the central nervous 
system. An important feature of these investigations has 
been the assessment of the integrity of original learning at 
both short and long retention intervals in order to distinguish 
failures of acquisition from genuine prograde memory defi- 
cits. For example, Bresnahan and Routtenberg [3] have 
shown that electrical stimulation of the medial forebrain 
bundle in rats did not effect the animal’s ability to acquire a 
step-down passive avoidance task but markedly impaired 24 
hour retention. A similar result has been obtained with 
hypothermia (body cooling) as the amnestic agent. 
Richardson, Riccio and Morilak [15] have shown that 
animals trained on a step-through passive avoidance task 
while mildly hypothermic showed proficient test perform- 
ance one minute after training but exhibited poor scores 
when tested 24 hours later. 

In addition to illustrating prograde memory impairments, 
many researchers have also been concerned with the rever- 
sal or attenuation of experimentally induced AA. For exam- 
ple, Richardson ef al. [15] attempted, unsuccessfully, to 
demonstrate recovery by administration of a reactivation 
treatment (i.e., noncontingent footshock) shortly prior to 





testing. However, that ‘‘negative result’’ is tempered by the 
fact that only a single reactivation condition was used and 
exploration of several possible parameters was lacking. Sub- 
sequently, Richardson, Guanowsky, Ahlers and Riccio [14] 
showed that hypothermia-induced AA could be dramatically 
reversed by re-cooling subjects prior to testing, a procedure 
which is also effective in reversing hypothermia-induced ret- 
rograde amnesia (RA) (Hinderliter, Webster and Riccio, [5]; 
Mactutus and Riccio, [7]; Riccio, Mactutus, Hinderliter and 
McCutcheon, [13]). 

However, because the majority of studies that have 
documented experimentally induced AA have relied on in- 
hibitory avoidance tasks, the question of *‘generality’’ can 
be posed: Can the observed phenomenon be demonstrated 
when choice, rather than inhibitory or go no-go, tasks are 
used? If so, can the memorial impairment be reversed or 
attenuated by treatments known to reverse anterograde 
and/or retrograde losses in inhibitory learning situations? 

Accordingly, the aim of the present investigation was to 
extend the generality of AA by demonstrating prograde 
memory loss in rats trained on a simple spatial discrimination 
task (Experiment 1). In addition, Experiment | attempted to 
reverse the amnesia by recooling subjects shortly prior to 
test; such an outcome would provide further empirical sup- 


‘Requests for reprints should be addressed to Anthony C. Santucci, Department of Psychology, Kent State University, Kent, OH 44242. 
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port for a retrieval failure explanation of AA. Experiment 2 
examined whether another pretest treatment, injection of am- 
phetamine, could be employed as a means of reversing AA. 


EXPERIMENT | 


Because hypothermia has proven to be a very potent 
treatment for producing both RA and AA and for subse- 
quently reversing these memory impairments when re- 
induced prior to testing, it was chosen as the amnestic agent. 
In this experiment we examined whether subjects trained in 
a cooled body condition and tested at normal temperature 
would show evidence of a retention deficit for an aversively 
motivated discriminative task. In addition, we attempted to 
determine if recooling at the time of testing would serve as an 
effective treatment for reversing the memory loss. 


METHOD 
Subjects 


Forty-eight adult male albino rats (mean age=133 days; 
mean body weight=531 g) purchased from the Holtzman 
Company served as subjects. Although all had been used in 
previous experiments, none had received hypothermia or 
T-maze training. A minimum rest period (no experimental 
activity) of at least one week was instituted before the start 
of the present investigation. The animals, which had been 
previously ear-punched for identification purposes, were 
individually housed in standard wire-mesh cages. Food and 
water were available throughout the course of the experi- 
ment ad lib. A 15 hr/9 hr light/dark cycle (lights on at 0730, 
lights off at 2230) was maintained throughout the experi- 
ment. 


Apparatus 


All behavioral testing was conducted in a black Plexiglas 
T-maze (stem, 25.4 cm long x 10 cm wide x 13.8 cm high; 
each arm, 25 cm long x 10 cm wide x 13.8 cm high) placed 
upon a series of 2-mm stainless steel grids spaced 1 cm apart. 
Both arms and the stem of the device included clear Plexiglas 
lids which allowed for placement and removal of the animal 
from the apparatus. A scrambled footshock, activated and 
terminated by a microswitch controlled by the experimenter, 
was delivered to the grids via a BRS/Foringer shock 
generator (model No. SG-901). A Cramer running time meter 
(model No. RT-904/412-01) was simultaneously started and 
stopped with the onset and offset of footshock in order to 
measure escape latencies (0.1 sec). Behavioral monitoring of 


each animal was done visually, through the clear Plexiglas 
lids. 


Procedure 


Each animal was handled for 2-3 min on two consecutive 
days before the start of the experiment. On the third day, 
animals were randomly assigned to two groups. For one 
group (HYPO), subjects’ colonic body temperatures as 
measured by a Fischer electronic digital thermometer probe 
inserted 3.2 cm into the animal’s rectum, were reduced to 
28+1°C via body cooling while the other group of subjects 
(NOR) remained normothermic. Hypothermia was induced 
by dunking the rat up to its neck in a 3-4°C water bath 
(Forma Scientific bath and circulator, model No. 2095). 
Upon completion of hypothermia treatment, the animal’s fur 
was towel dried. Subsequently, each animal received cor- 


SANTUCCI AND RICCIO 


rectional, shock-motivated (0.6 mA) T-maze spatial dis- 
crimination training. 


TRAINING 


Pilot data indicated that animals required very little train- 
ing (one or two trials) in order to reach learning criterion on a 
simple left vs. right discriminative escape response. How- 
ever, the very fast learning rate obscured assessment (sav- 
ings measure) of retention deficits. Accordingly, in order to 
detect amnesia at the time of testing, the following training 
procedure was initiated. Shock was administered im- 
mediately after an animal was placed in the stem of the maze. 
During the first five trials, one of the arms of the maze was 
randomly chosen to be blocked via a clear Plexiglas insert, 
forcing subjects to escape by entering the unblocked arm. 
Starting on the sixth trial, neither arm was blocked and the 
animal was required to choose the previously blocked arm 
on five consecutive trials. A choice was made when the ex- 
perimenter observed the animal passing 12.5 cm into either 
arm. However, if the animal chose the incorrect arm, an 
error was recorded and the rat was allowed to correct itself. 
Re-entry into the stem of the maze was prevented by a Plex- 
iglas door. Acquisition criterion was set at correct initial 
choices on five consecutive trials. Acquisition training took 
approximately 5-10 min. 


TESTING 


Twenty-four hours (+1.5 hr) following original learning 
training, half of the subjects in each acquisition group re- 
ceived hypothermia (HYPO/HYPO and NOR/HYPO) as de- 
scribed above or remained normothermic (HYPO/NOR and 
NOR/NOR). All subjects were then tested for retention of 
the target response until they again reached a criterion of five 
consecutive trials where the correct arm (same as original 
learning) was chosen first. Testing was typically completed 
in 5—7 min. Trials- and errors-to-criterion (not including the 
block of five criterion trials) associated with the four groups, 
in addition to escape latencies, were recorded for both ac- 
quisition and retention. However, both trial and error meas- 
ures yielded identical results, therefore, only the trial varia- 
ble is discussed. 


RESULTS AND DISCUSSION 


Hypothermia, administered prior to original learning, did 
not impair the animal’s ability to acquire the appropriate 
choice response. A Kruskal-Wallis one-way ANOVA failed 
to detect any significant differences in the number of acqui- 
sition trials-to-criterion (TTC) among the four groups of sub- 
jects (H=3.1, p>0.05). However, escape latencies did differ 
significantly among the groups (means=3.9, 5.7, 3.4, and 5.4 


sec for NOR/NOR, HYPO/HYPO, NOR/HYPO, and 
HYPO/NOR, respectively, H=12.9, p<0.01). That locomo- 
tor ability is disrupted at reduced body temperature is not 
entirely surprising, and therefore this latter finding appears 
to reflect a performance decrement rather than a delayed 
rate of learning. 

In contrast to initial acquisition, choice performance on 
the retention test was affected by group assignment: Trials 
required to reach the criterion differed significantly among 
the groups (H=19.5, p<0.001). Subjects receiving 
hypothermia prior to training but not before retention, re- 
quired more TTC than subjects trained and tested in a nor- 
mothermic state (U=10, p<0.002). This deficit was at- 
tenuated, however, when hypothermia was given before 
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FIG. 1. Median original learning (OL) and retention (RET) trials-to- 
criterion associated with the four groups of subjects. 
(HY PO/NOR=trained as hypothermic and tested as normothermic; 
NOR/NOR=trained and tested as normothermic; HYPO/HYPO= 
trained and tested as hypothermic; NOR/HYPO=trained as nor- 
mothermic and tested as hypothermic.) 


training and testing. Subjects in this condition performed as 
well as subjects trained and tested as normals (U=72, 
p>0.10). Finally, animals trained in a normothermic but 
tested in a cooled state failed to differ statistically from either 
of the groups trained and tested in the same temperature 
state (both Us>40, both ps>0.05). Trials-to-criterion for ac- 
quisition and retention of the discriminative escape response 
are presented in Fig. 1. 

Comparison of retention scores with each group’s original 
acquisition provides an index of the degree of memory loss. 
Groups trained and tested in the same temperature state ex- 
hibited substantial savings as did those trained at normal 
temperatures but tested while hypothermic (all Wilcoxon 
ts<2, all ps<0.01). Each of these groups required signifi- 
cantly fewer trials at retention than they did for original ac- 
quisition. However, subjects trained at lowered body tem- 
peratures and tested as normothermic showed no evidence 
of retention, as they required comparable amounts of prac- 
tice at original learning and retention (Wilcoxon ‘=15, 
p>0.05). 

Finally, although all but two subjects exhibited lower re- 
tention than acquisition latencies (Freidman two-way 
ANOVA, xr’?=40.7, »<0.001), escape latencies at testing 
associated with the four groups differed significantly 
(H=10.4, p<0.02). This result should be interpreted again as 
an indication of slightly depressed motor performance in 
hypothermic rats. This interpretation is based on the fact 
that, while differing on the latency measure, HYPO/HYPO 
and NOR/NOR animals exhibited accurate choice perform- 
ances at the time of testing (mean latencies=2.6 and 1.4 sec, 
respectively; U=32, p<0.05). 

Results from this experiment demonstrate that 
hypothermia-induced AA can be obtained in rats trained on a 
multi-trial spatial choice task. Thus, the memory loss is not 
limited to the type of learning involved in passive avoidance 
behavior. The data also provide empirical support for the 
phenomenon of reversibility of the anterograde memory 
loss. Importantly, in the present case, recovery is indexed by 
an appropriate choice response, rather than the inhibition of 
responding which characterizes recovery in passive 
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avoidance tasks. For animals trained while cool, the re- 
sumption of discriminative responding following recooling 
provides additional evidence that recoveries from amnesia 
cannot be attributed to performance artifacts from the re- 
covery treatment. In Experiment 2 the generality of memory 
recovery was investigated by examining the effectiveness of 
d-amphetamine as an agent in attenuating hypothermia- 
induced AA. 


EXPERIMENT 2 


The amnesia-attenuating effect of amphetamine for reduc- 
ing memory impairments produced by a variety of treat- 
ments has been widely documented. Among the types of 
deficits which have been amenable to amphetamine treat- 
ment are memory impairments produced by aspirative lesion 
of the neocortex (Braun, Meyer and Meyer, [2]; Jonason, 
Lauber, Ro tins, Meyer and Meyer, [6]; Mangold, Bell, 
Gruenthal and Finger, [9]), protein synthesis inhibition 
(Quinton and Bloom, [12]; Flood, Jarvik, Bennett, Orme and 
Rosenzweig, [4]), electroconvulsive shock treatment (Mah 
and Albert, [8]), and the passage of time (Quartermain and 
Judge, [11]; Sara, [16]). Accordingly, Experiment 2 at- 
tempted to extend the generality of memory recovery by 
taking advantage of amphetamine’s purported facilitory ef- 
fect on memory retrievability. Twenty minutes prior to test- 
ing hypothermia-trained animals were injected with either 
saline or a dose of amphetamine reported to reverse other 
types of amnesias. 


METHOD 
Subjects 


Thirty adult male albino rats (mean age=105 days; mean 
body weight=415 g) purchased from the Holtzman Company 
served as subjects. All other subject characteristics were 
identical to those of Experiment 1. 


Apparatus 


The apparatus was identical to that used in Experiment |. 


Procedure 


On Day 1, two groups of animals whose colonic body 
temperatures were reduced to 28+1°C via mildly body cool- 
ing, received training in the same manner as animals in Ex- 
periment 1. Subsequently, both groups were tested for re- 
tention of the T-maze response (Day 2) in a manner identical 
to Experiment 1. However, all rats were at normal body 
temperature when tested. Twenty minutes prior to testing, 
animals in one group (AMP) received SC injections of 
d-amphetamine sulfate (0.5 mg/kg dissolved in a volume of 1 
mg/ml of saline) while subjects in the other group (SAL) 
received volumetrically equivalent injections of saline. In 
addition, to control for nonspecific effects of the amnestic 
agent and/or the drug, and to assess whether the drug treat- 
ment influenced specifically memorial processes, another 
group (NCFS/AMP) of subjects was included. On Day 1, 
animals in this group received an average amount of shock 
experienced by the above (two) groups, that is, 8.1 sec of 0.6 
mA shock for 13 trials. (These shock parameters included 
the five block trials experienced by the AMP and SAL 
groups. Therefore, these values are somewhat different from 
those values reported in Experiment 1.) However, 
NCFS/AMP animals were contained in the stem of the appa- 
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ratus and not allowed to make a choice response. Twenty- 
four (+1.5) hours later (Day 2), these animals received injec- 
tions of d-amphetamine twenty minutes prior to receiving 
training on the T-maze task. Training was conducted in the 
same manner as that for the other two groups on Day 1. 


RESULTS AND DISCUSSION 


A Mann-Whitney U test analyzed acquisition (Day 1) 
trials-to-criterion scores for the AMP and SAL groups and 
revealed no difference (median TTC=2.5 for both groups, 
U=45, p>0.05). Similar to the AA effect observed in Exper- 
iment 1, SAL animals exhibited a profound memory loss of 
the choice response at the time of testing. These animals 
required about the same number of trials to reach criterion in 
acquisition (median TTC=2.5) and in retention (median 
TTC=2.2) (Wilcoxon t=16, p>0.05). However, unlike the 
previous experiment where the pretest treatment (i.e., re- 
cooling) proved effective in reversing AA, amphetamine in- 
jected prior to testing was ineffective in reducing 
hypothermia-induced AA. This was evident when either a 
between- or a within-subject measure was employed: In the 
former case, retention performances (Day 2) associated with 
the AMP and SAL groups were not reliably different (me- 
dian TTC=1.4 and 2.2, respectively, U=46.5, p>0.05) and in 
the latter case, retention (Day 2) scores (median TTC=1.4) 
of AMP animals failed to differ statistically from their acqui- 
sition (Day 1) scores (median TTC=2.5) (Wilcoxon 1=9.5, 
p>0.05). Latency scores associated with the two groups also 
failed to differ from each other. Both original learning 
(means=7.3 sec for AMP and 9.1 sec for SAL) and retention 
(means=3.5 sec for AMP and 3.2 sec for SAL) escape laten- 
cies associated with the two groups of subjects were statisti- 
cally equivalent (U=39, p>0.05; U=38.5, p>0.05, respec- 
tively). 

Because of the lack of memory recovery induced by drug 
injection, all scores associated with NCFS/AMP animals be- 
came inconsequential and, therefore, were not analysed. 

Although the drug conditions were similar to those in 
more successful studies (e.g., Sara, [16]), the present exper- 
iment failed to provide support for an amphetamine-induced 
recovery of an instrumental choice response. Whether this 
lack of recovery represents something specific about the 
source of the memory loss (i.e., hypothermia-induced AA) 
or more mundane aspects of the parameters chosen is not yet 
clear. 


GENERAL DISCUSSION 


Experiments | and 2 provide clear demonstrations of 
hypothermia-induced AA for a simple choice task. This out- 
come extends previous studies showing AA in subjects 
trained on an inhibitory avoidance task (e.g., Richardson, 
Riccio and Morilak [15]). Our finding also is in accord with 
the results reported by Boyd and Caul [1]. These inves- 
tigators have shown an anterograde disruption (i.e., memory 
failure) of a brightness discrimination habit when mice were 
trained and tested (reversal test) while in different body tem- 
perature states. A change in body temperature from severely 
hypothermic to normothermic yielded less disruption of re- 
versal performance. However, the animals showed poor re- 
versal performance when they were trained and tested in the 
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same body temperature state. The authors interpreted the 
poor reversal performance as being an indication that the 
originally stored memory trace was active and, thus, inter- 
fered with the animal’s attempt to solve successfully the re- 
versal test. 

In addition, the present investigation illustrates a reversal 
of the prograde memory deficit when recooling was em- 
ployed as the reactivation treatment shortly prior to testing. 
Thus, this latter finding extends previous research showing 
the potency of pretest recooling in alleviating hypothermia- 
induced AA (e.g., Richardson, Ahlers, Guanowsky and 
Riccio [14]) by demonstrating the phenomenon in a choice 
task. 

On an interpretative level, it appears that the recovery 
phenomenon observed in the present investigation depends 
on the congruency between the animal’s internal state at 
time of training and testing, a notion consistent with Spear’s 
[17,18] view of memory retrieval. Presumably, systemic in- 
jections at testing of amphetamine, a central stimulant, did 
not mimic sufficiently the internal training milieu of 
hypothermically trained animals. Perhaps changes other 
than in the central nervous system (e.g., peripheral nervous 
system) might provide cues that are more salient in retrieving 
the memory. Hypothermia may be such a cue. It is quite 
likely that because hypothermia prior to training and testing 
provided congruent internal states, animals in this treatment 
condition were able to retrieve the stored memory. This type 
of interpretation assumes that the internal state of the or- 
ganism at training was stored or associated with the memory 
for the choice response. Thus, administering hypothermia 
shortly prior to testing increased the similarity between the 
training and testing states and enhanced the probability of 
memory retrieval. 

The similarity between Experiment 1 of the present in- 
vestigation and state dependent retention drug studies (SDR) 
(see Overton [10] for a review of SDR drug studies) might be 
noted. Consider the typical findings in the 2x2 SDR 
paradigm: In addition to the proficient performance of 
animals trained and tested in the normal (saline) state, 
animals trained and tested in a distinct pharmacological state 
also exhibit good retention performance. However, animals 
trained in a distinct drug state and then tested in a normal 
(saline) condition often show poor memory for the target 
information. Finally, subjects trained in the normal (saline) 
but tested in a drug state often exhibit very good test 
performance—an effect referred to as ‘‘asymetrical dissoci- 
ation’’ Overton [10]. An identical pattern of results was ob- 
served in the present investigation: Both same-state groups, 
in addition to the NOR/HYPO group, performed well at test- 
ing while a retention decrement was observed in the 
HYPO/NOR group. These findings suggest that further 
examination of similarities and differences in the functional 
characteristic of AA and SDR may be worthwhile. 
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GIETZEN, D. W., P. M. B. LEUNG AND Q. R. ROGERS. Norepinephrine and amino acids in prepyriform cortex of rats fed 
imbalanced amino acid diets. PHYSIOL BEHAV 36(6) 1071-1080, 1986.—Monoamines and amino acids were measured in 
anterior prepyriform cortex (PPC) and anterior cingulate cortex (CC) of male Sprague-Dawley rats after they were offered 
basal, imbalanced (IMB) or corrected amino acid diets, limited in threonine (THR) or isoleucine (ILE). In the THR study, 
brains were taken after 2.5 hr of feeding, when intake of THR-IMB was just depressed. In the ILE study the brains were 
taken after 3.5 hr on ILE-IMB, a less severely imbalanced ration, before the onset of food intake depression. The PPC has 
been shown to be involved in the acute response of animals to imbalanced amino acid diets. In the PPC from the IMB diet 
groups, NE was reduced by 30%, but the other monoamines were unchanged. In CC, an area involved in the adaptive, but 
not the acute feeding response to imbalanced diets, the monoamines were unchanged in the IMB diet groups. In both 
studies, in both tissues, the limiting amino acids were decreased in the IMB groups, although the decrease of ILE in the CC 
failed to reach significance. The remaining indispensable amino acids, added to create the imbalance, were slightly reduced 
in the THR-IMB group, but not in the ILE-IMB group in both tissues. Thus, the amino acid patterns were altered in the 
PPC and CC, as they are in whole brains from animals fed imbalanced amino acid diets. These results also suggest that the 
concentration of NE in the PPC may be associated with the initial food intake response of animals to imbalanced amino 


acid diets. 
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SEVERAL lines of evidence point to the importance of 
neural control in the decreased food intake response of 
animals given imbalanced amino acid diets. For example, (1) 
the food intake of rats [13] and cockerels [40] fed amino 
acid-imbalanced diets was returned to control levels if a 
small quantity of the most limiting amino acid was infused 
into the carotid artery. However, infusion of the limiting 
amino acid into the portal or jugular vein, in 3 times the 
quantity given in the carotid preparation, did not prevent the 
food intake depression of rats fed an amino acid imbalanced 
diet [13]; (2) specific neural lesions have implicated the 
anterior prepyriform cortex and the anterior cingulate cortex 
in the control and adaptation, respectively, of food intake in 
animals fed amino acid imbalanced diets [15,23]. Animals 
bearing lesions of the prepyriform cortex did not depress 
their intake of amino acid-imbalanced diets, as did intact 
animals [15]. Also, in choice studies, rats rejected a diet with 
an amino acid imbalance and selected a diet with a balanced 
pattern of amino acids, or, as an ‘‘adverse’’ choice, a 
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protein-free diet, which is lethal in the long term [16]. How- 
ever, animals with lesions of the anterior prepyriform cortex 
selected the imbalanced diet over the protein-free diet [34], 
although they were still capable of establishing a learned 
aversion [22]. Animals bearing lesions of the anterior cingu- 
late cortex did depress their initial food intake of the imbal- 
anced amino acid diet, but adapted more readily to the im- 
balanced ration [23]; (3) Harper and co-workers [6, 29, 38] 
found that the concentration of the most limiting amino acid 
was more severely depressed in the brain than in plasma 
when rats were fed amino acid-im»alanced diets. The sever- 
ity of the depression in food intake and growth was associ- 
ated with the degree of deficiency of the limiting amino acids 
and the extent of the excess of the amino acid(s) competing for 
transport into the brain [37,38]. 

It is established that the catecholamines and serotonin 
participate in the neural control of feeding [8]. The synthesis 
and turnover of these neurotransmitters depend in part on 
the brain content of the amino acid precursors; the plasma 
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TABLE | 
COMPOSITION OF EXPERIMENTAL DIETS (% OF DIET BY WEIGHT) 





Threonine 


Component 


Isoleucine 


BAS IMB COR 





Dispensable amino 

acid mixture 
Indispensable amino 

acid mixture 
Imbalanced amino 

acid mixture 
L-Threonine 
L-Isoleucine _ 
Vitamin mixture 1.00 1.00 
Salt mixture 5.00 5.00 
Corn oil 5.00 5.00 
Sucrose 25.41 22.13 
Starch 50.84 44.26 
Choline chloride 0.10 0.10 


Total 100.00 100.00 


8.08 


1.00 1.00 1.00 
5.00 5.00 5.00 
5.00 5.00 5.00 
21.99 25.72 24.08 
44.00 51.45 48.16 
0.10 0.10 0.10 


100.00 100.00 100.00 





Diets are designated as follows: BAS=basal, IMB=imbalanced, COR=corrected. 


TABLE 2 


FOOD INTAKE OF RATS OFFERED EITHER A BASAL, 
IMBALANCED OR CORRECTED DIET 





Time Increment (hours) Cumulative 





Threonine Study 
1-2 2-2.5 


1.6 
+0.2 


0.8* 
+0.2 


2.4 
+0.5 
Isoleucine Study 
2-2.75 2.75-3.5 


3.7 1.7 0.9 6.3 
+0.7 +0.5 +0.2 +0.8 


IMB 3.5 ie 0.9 5.9 
+0.3 +0.5 +0.2 +0.5 


COR 3.2 0.9 1.4 5.4 
+0.6 +0.4 +0.5 +0.8 





Diets are designated as follows: basal=BAS, imbalanced=IMB, 
corrected=COR. 


Values are mean + standard error for food intake in grams. 
*=Significantly less than other groups, p<0.05. 


amino acid ratios are thought to be the determinants of pre- 
cursor availability to the brain [26]. It has been proposed that 
shifts in the plasma tryptophan to neutral amino acid ratio, 
acting via the serotonergic system, may alter the animal's 
appetite for protein [1] or carbohydrate [43], or the propor- 
tions of protein to carbohydrate [2,19], as well as total food 
intake [2]. On the other hand, tyrosine, and thus the cate- 
cholamine system, has been postulated to influence regula- 
tion of energy balance and total food intake [1]. However, 
that plasma amino acid ratios affect self selection or control 
of protein intake has not been clearly established [4, 30, 31]. 
Nor is it known how the control of brain monoamine syn- 
thesis by diet and the resulting plasma amino acid levels may 
relate to the control of food intake with the ingestion of 
disproportionate amounts of dietary amino acids. 

It is, however, clear that the brain is responsive to amino 
acids. For example, microinjections of indispensable amino 
acids into the zona incerta and lateral hypothalamus in- 
creased the discharge frequency of firing of specific neurons 
[42]. Also, the acidic amino acids and glycine are known to 
act as neurotransmitters in the central nervous system [21], 
and may well be involved in feeding behavior, although their 
relationships to the control of protein and amino acid intake 
have not yet been studied. In particular, the acidic amino 
acids, glutamic acid and aspartic acid, have been reported to 
be the major neurotransmitters in the prepyriform cortex, 
since they were reduced after lesions of neuronal tracts lead- 
ing from the olfactory bulb to the prepyriform cortex [7]. In 
addition, gamma-aminobutyric acid (GABA) and several 
peptides are currently recognized as being involved in the 
control of food intake [9, 24, 39]. 

The purpose of the present study was to measure the 
monoamine and amino acid concentrations in 2 specific brain 
areas: the prepyriform cortex, already shown to be involved 
in the initial response of rats to imbalanced amino acid diets 
[15,25], and the anterior cingulate cortex, a brain area impli- 
cated in the adaptive, but not the initial response to these 
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CINGULATE CORTEX 





PREPYRIFORM CORTEX 


FIG. 1. The brain areas, prepyriform cortex and cingulate cortex, 
that were used for analysis. Adapted from the stereotaxic atlas of 
Pellegrino and Cushman [27]. Sections were cut 1 mm thick so that 


the slices corresponded to 9.6+1.0 mm anterior to the interaural 
line. 


diets [23]. In the first experiment, the measurements were 
made on these 2 anterior cortical areas from animals that had 
just reduced their food intake in response to a threonine- 
imbalanced diet, and in a second experiment, in the same 
areas from a group of animals that had not yet reduced their 
intake of a less severely imbalanced diet that was limited in 
isoleucine. 


Animals 


Male Sprague-Dawey rats (Bantin and Kingman, 
Lafayette, CA) weighed 180+4 g and 187+2 g at the start of 
experiments | and 2, respectively. They were housed in 
hanging wire cages at 22+2°C under a 12:12 lighting 
schedule, with the lights off between noon (12:00) and mid- 
night (24:00). In addition to the room lighting, two 25 watt 
red bulbs were kept on at all times to facilitate food intake 
measurements during the dark phase. The animals were 
allowed to adapt to the quarters, lighting schedule and a 
low-protein basal diet for 2 weeks prior to the experiment. 
During this period, food intake and body weight were meas- 
ured daily and spillage was carefully recovered. For the 4 
days just prior to the experiment, the food cups were re- 
moved at the beginning of the light phase to synchronize the 
first meal of the dark phase. The preweighed food cups were 
returned at noon. Thus, the animals were food deprived for 
12 hours on the 3 days prior to the experiment, as well as on 
the day of the experiment. Hourly food intake measurements 
were taken to adapt the animals to the measurement proce- 
dure during the dark phase and to obtain baseline food intake 
data for assignment to experimental groups of 6-7 animals. 
Group assignments were made such that the 3 groups each 
had similar feeding patterns prior to the experiment. 


Dietary Treatments 


Purified amino acid diets were used throughout these 
studies. The diets were the same as those reported previ- 
ously [13,17]; the composition of the diets is shown in Table 
1. There were 2 separate studies, differing in the growth 
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FIG. 2. Monoamine concentrations in the prepyriform cortex from 
animals offered threonine-basal, -imbalanced or -corrected diets. 
Brains were taken after 2.5 hours of exposure to the diets, when the 
food intake was determined to be significantly depressed in the 
imbalanced-diet group. NE=norepinephrine, DA=dopamine, 
S5HT=serotonin. Bars represent means of 7 animals per group, verti- 
cal lines represent the standard error of the mean for the diet treat- 
ments indicated in the legend. A star signifies statistical significance 
at p<0.01. 


limiting amino acid upon which the diets were based: in the 
first study threonine was the most limiting amino acid, and in 
the second, isoleucine. Briefly, the amino acid-imbalanced 
diets were prepared by adding a mixture of all the indispens- 
able amino acids except the one to be limiting, to the basal 
diet. The corrected diets consisted of the appropriate imbal- 
anced diet with the addition of the limiting amino acid (0.4% 
threonine and 0.5% isoleucine, in experiments | and 2, re- 
spectively). Thus, the basal and imbalanced diets had the 
same concentration of the limiting amino acid, while the im- 
balanced and corrected diets had the same concentrations of 
all the other indispensable amino acids. All diets contained 
the necessary vitamins and minerals with starch and sucrose 
(2:1) as the carbohydrate and 5% corn oil as the fat source. 


Threonine-Imbalanced Study 


The first experiment was designed to determine 
monoamine and amino acid concentrations in the anterior 
prepyriform cortex and anterior cingulate cortex of rats fed 
diets with threonine as the limiting amino acid and killed 
shortly after the initial depression of food intake by the im- 
balanced diet group. 

On the day of the experiment, after 12 hours of food dep- 
rivation, one group was given the threonine basal diet, one 
group the imbalanced diet, and the third group the corrected 
diet. Food intake was again measured hourly. The animals 
offered the imbalanced diet had significantly reduced their 
food intake 2 hours after presentation of the diets (i.e., at 
14:00 hours, Table 2). They were decapitated at 14:30. The 
brains were removed within 45 seconds, frozen in liquid ni- 
trogen and stored at —80°C until analyzed for the concentra- 
tions of monoamines and amino acids. 


Isoleucine-Imbalanced Study 


In the second experiment, we used a less severly imbal- 
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FIG. 3. Monoamine concentrations in the prepyriform cortex from 
animals offered isoleucine-basal, -imbalanced, or -corrected diets. 
Brains were taken after 3.5 hours of exposure to the diets; food 
intake was similar in all 3 groups. The remaining conditions are as 
described in Fig. 2 for 6 animals per group. 


anced diet, with isoleucine as the limiting amino acid (see 
Table 1). Again, the animals were divided into 3 groups with 
similar feeding patterns, and offered either an isoleucine- 
basal, -imbalanced or -corrected diet. The food intake was 
similar in all 3 diet-treatment groups at the time they were 
killed, 3.5 hours after diet presentation, although spillage 
was increased in the imbalanced group. Thus, in the second 
experiment, the brains were taken before the onset of the 
food intake depression. Otherwise, the animal treatment, tis- 
sue preparation and analysis were essentially the same in 
both experiments. 


Determination of Monoamines and Amino Acids 


The concentrations of monoamines were measured in the 
2 anterior cortical brain areas by high performance liquid 
chromatography (HPLC) with electrochemical detection ac- 
cording to the method of Wagner e7 al. [41]. Slices of frozen 
brain, approximately 1 mm thick, were placed on slides over 
dry ice. The specific brain sections were dissected from the 
slices with a scalpel according to the histology of previous 
lesion studies [15,23]. The coordinates for the slices corre- 
sponded to 9.6-9.8+ 1.0 mm rostral to the interaural line ac- 
cording to the atlas of Pellegrino and Cushman [27], see Fig. 
1. Sections were placed into chilled preweighed 1.5 ml mi- 
crocentrifuge tubes containing 0.6 ml perchloric acid diluent 
(0.2 M perchloric acid, with 0.5 g disodium EDTA and 100 
mg sodium bisulfite per liter). The tubes were then re- 
weighed (Mettler Microbalance, Highstown, NJ) for deter- 
mination of tissue weight. Prepyriform samples weighed 
20.2+1.1 mg; cingulate samples weighed 20.6+2.5 mg. The 
protein contents of the tissues, determined by the method of 
Bradford [3] were: 0.11+0.01 mg protein per mg wet tissue 
weight, and were the same for both prepyriform and cingu- 
late cortices. The samples, kept on ice, were sonicated (Heat 
Systems sonifier, Plainview, NY) for 10 seconds and cen- 
trifuged at 15,000 x g for 10 min in an Eppendorf microcen- 
trifuge housed in a cold room. The supernatants were indi- 
vidually filtered through microfilters, 0.45 um pore size 
(Fischer, Santa Clara, CA); 25 yl of the filtrate was injected 
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FIG. 4. Monoamine concentrations in the anterior cingulate cortex 
from animals offered threonine-basal, -imbalanced, or -corrected 
diets. Conditions are as described in Fig. 2. 
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FIG. 5. Monoamine concentrations in the anterior cingulate cortex 
from animals offered isoleucine-basal, -imbalanced, or -corrected 
diets. Conditions are the same as for Fig. 3. 


into the column (C18, reverse phase, dimensions: 100x 4.6 
mm, Perkin Elmer, Torrence, CA). The mobile phase con- 
tained 100 mM formic acid, 0.36 mM octane sulfonic acid, 1.0 
mM citric acid, 0.10 mM EDTA, 5.0% (v/v) acetonitrile and 
0.25% (v/v) diethylamine at pH 3.1. Flow rate was | ml/min. 
A glassy carbon electrode was used for electrochemical de- 
tection at +800 mV potential, with a 2.0 second RC filter 
(Bioanalytical Systems, West Lafayette, IN). External 
standards, made up in perchloric acid diluent, contained 
norepinephrine, epinephrine, dopamine, 5-hydroxyindole- 
acetic acid, 5-hydroxytryptamine, homovanillic acid and 
tryptophan (all from Sigma, St. Louis, MO). The external 
standard was used to identify peaks eluting in the chromato- 
gram according to retention time and conformation. The 
internal standard was 3,4 dihydroxybenzylamine (Sigma), at 
a concentration of 1 ng/25 wl, and was included in both the 
external standard and the homogenizing medium. Re- 


coveries were calculated from the internal standard in each 
sample. 
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TABLE 3 


AMINO ACIDS IN THE PREPYRIFORM CORTEX OF ANIMALS OFFERED 
PURIFIED AMINO ACID DIETS WITH THREONINE AS THE GROWTH-LIMITING 
AMINO ACID (nmol/mg WET TISSUE WEIGHT) 





Amino Acid 


Basal 


Imbalanced 


Corrected 





Taurine 
Aspartic acid 
Threonine 
Serine 
Glutamic acid 
Glutamine 
Glycine 
Alanine 
Valine 
Methionine 


9.89 + 0.924 
3.84 + 0.41 
0.14 + 0.024 
2.33 + 0.21¢ 
14.30 + 1.36 
3.54 + 0.52 
1.11 + 0.124 
0.83 + 0.074 
0.13 + 0.02 
0.07 + 0.01 


I+ I+ 


Isoleucine 0.04 + 0.01 
Leucine 0.07 + 0.01 
Tyrosine 0.05 + 0.01 
Phenylalanine 0.06 + 0.01 
Tryptophan 0.09 + 0.01 
Ornithine 0.08 + 0.02¢ 
Lysine 0.26 + 0.02 
Histidine 0.09 + 0.01 
GABA 3.41 + 0.21% 
IAAs* 0.92 + 0.044 
IAA-threonine* 0.78 + 0.044§ 


I+ I+ I+ It 


I+ I+ I+ I+ 


6.75 + 0.35§ 8.23 
2.89 + 0.31 3.38 
0.08 + 0.028 0.25 
0.07§ 1.78 
1.16 12.50 
0.27 3.05 
0.05§ 0.95 
0.66 
0.12 
0.10 
0.07 
0.10 
0.08 
0.06 
0.17 
0.07 
0.28 
0.08 
2.93 
1.21 
0.96 


0.624§ 
0.27 
0.054 
0.168 
0.97 
0.42 
0.064 
0.028 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.03 
0.024§ 
0.03 
0.01 
0.16¢§ 
0.078 
0.05§ 


2% 


$+ +44 +H HF HO Oo OO oO Oo 


tw 
in 
oo 


++ t+ 4+ 4+ 4 OH OH OH OO Oo Oo Ot Ot Ot + + + Ht I+ 


ot 
= 
\o 





*IAAs: Sum of the indispensable amino acids: thr, val, met, ile, leu, phe, trp, 


lys, his. 


+IAA-threonine: Sum of the indispensable amino acids not including threonine. 
Values are mean + standard error for 7 animals per group. 
+§4Differing superscripts indicate significant differences between dietary treat- 


ment groups for the indicated amino acid. 


The concentrations of amino acids were determined in 
aliquots of the same prepyriform cortex and anterior cingu- 
late cortex samples by chromatography on an automated 
amino acid analyzer (Beckman 121-MB, Beckman Instru- 
ments, Palo Alto, CA) as used routinely in this laboratory. 
Chemicals for HPLC were HPLC grade, others were reagent 
grade or the best grade available. The results are expressed 
per unit wet tissue weight. Statistical significance was de- 
termined by analysis of variance (ANOVA) with post hoc 
evaluation of differences between group means by the Least 
Significant Differences test, and correlations were deter- 
mined by Pearsons Correlation. Statistical significance was 
set at p<0.05. 


RESULTS 


The concentration of norepinephrine was 30% lower in 
the prepyriform cortex from animals offered the imbalanced 
diets than from animals given either corrected or basal diets. 
This observation was consistent in both experiments, using 2 
different diets, one limited in threonine, F(2,18)=6.69, 
p<0.01, Fig. 2, and the other in isoleucine, F(2,14)= 11.04, 
p<0.005, Fig. 3. At the same time, there were no changes in 
dopamine or serotonin in the prepyriform cortex, nor in the 
concentrations of the measured monoamines in the anterior 
cingulate cortex except for serotonin in the threonine study, 
which was lower in the corrected group only (Figs. 4 and 5). 


The concentrations of amino acids in the prepyriform cor- 
tex from animals offered either basal, imbalanced or cor- 
rected diets are listed in Table 3 (threonine-imbalanced 
study) and Table 4 (isoleucine-imbalanced study). Amino 
acid concentrations in the anterior cingulate cortex are found 
in Table 5 (threonine-imbalanced study) and Table 6 
(isoleucine-imbalanced study). The most limiting amino 
acids, threonine and isoleucine in experiments | and 2, re- 
spectively, were decreased in both tissues from the imbal- 
anced group, by comparison with the basal and corrected 
groups alike (Tables 3-6), although this decrease failed to 
reach significance in the cingulate cortex in experiment 2. 
Specifically, in the threonine-imbalanced study, the concen- 
tration of threonine in the prepyriform cortex from the im- 
balanced group was 57% of that in the basal group; in the 
anterior cingulate cortex from the imbalanced group, 
threonine was 50% of that in the basal group. In the 
isoleucine-imbalanced study, isoleucine in the prepyriform 
cortex of the imbalanced group was 20% of that in the basal 
group, but in the cingulate cortex, the concentration of 
isoleucine in the imbalanced group was only reduced to 62% 
of that in the basal group. 

In the threonine-imbalanced study, the sums of all the 
indispensable amino acids (IAA) in the prepyriform cortex as 
well as the anterior cingulate cortex differed between the 
experimental groups. In the prepyriform cortex, the IAA 
were higher in the corrected group than either of the other 2 
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TABLE 4 


AMINO ACIDS IN THE PREPYRIFORM CORTEX OF ANIMALS OFFERED 
PURIFIED AMINO ACID DIETS WITH ISOLEUCINE AS THE GROWTH-LIMITING 
AMINO ACID (nmol/mg WET TISSUE WEIGHT) 





Amino Acid Basal 


Imbalanced 


Corrected 





12.61 + 0.58 

2.18 + 0.12 

0.17 + 0.024 
1.45 + 0.08 

0.28 + 0.12 
12.98 + 0.99 

5.41 + 0.47 

0.16 + 0.02 

1.06 + 0.09 

0.71 + 0.06 

0.16 + 0.02 

Methionine 0.06 + 0.02 

Isoleucine 0.05 + 0.017 
Leucine 0.10 + 0.01 
Tyrosine 0.01 + 0.01 

Phenylalanine 0.01 + 0.01 
Tryptophan 0.03 + 0.01 
Ornithine 0.18 + 0.05 

Lysine 0.22 + 0.02 

Histidine 


0.10 + 0.01 
GABA + 0.15 


Taurine 
Aspartic acid 
Threonine 
Serine 
Asparagine 
Glutamic acid 
Glutamine 
Proline 
Glycine 
Alanine 
Valine 


IAAs* .90 + 0.07 
IAAs-isoleucine* .85 + 0.07 


12.50 + 0.43 
2.12 + 0.16 


0.45 + 0.03§ 


1.32 + 0.06 
0.14 + 0.01 
13.14 + 1.26 
5.56 + 0.32 
0.14 + 0.02 
0.97 + 0.07 
0.64 + 0.04 
0.15 + 0.01 
0.06 + 0.01 


0.01 + 0.01§ 


0.10 + 0.01 
0.01 + 0.01 
0.01 + 0.00 
0.02 + 0.01 
0.15 + 0.04 
0.26 + 0.03 
0.13 + 0.01 
1.30 + 0.15 
1.20 + 0.05 
1.19 + 0.04 


13.34 + 0.94 
2.62 + 0.22 
0.32 + 0.05§ 
1.36 + 0.12 
0.29 + 0.13 

13.18 + 1.24 
6.07 + 0.63 
0.14 + 0.41 
1.07 + 0.10 
0.68 + 0.05 
0.14 + 0.02 
0.05 + 0.01 
0.06 + 0.014 
0.13 + 0.03 
0.01 + 0.01 
0.01 + 0.01 
0.03 + 0.01 
0.14 + 0.03 
0.26 + 0.05 
0.11 + 0.01 
1.31 + 0.18 
1.12 + 0.18 
1.06 + 0.17 





*IAAs: Sum of the indispensable amino acids: thr, val, met, ile, leu, phe, trp, 


lys, his. 


+IAA-isoleucine: Sum of the indispensable amino acids not including isoleucine. 
Values are mean + standard error for 4-6 animals per group. 
t§Differing superscripts indicate significant differences between dietary treat- 


ment groups for the indicated amino acid. 


groups. In the cingulate cortex, the IAA were higher in the 
corrected group than in the imbalanced group. However, the 
sums of all the [AA minus the limiting amino acid, threonine 
([AA-THR), were reduced in both tissues from the imbal- 
anced group (82 and 49% of concentrations in corrected 
group in prepyriform and cingulate cortices, respectively). 
The IAA did not differ in either tissue in the isoleucine study, 
nor were there any differences between the groups when 
IAA minus isoleucine (IAA-I[LE) was considered. 

With the more severe threonine-imbalanced diet, there 
were several alterations in the pattern of individual amino 
acids in the prepyriform cortex: the concentrations of 
taurine, serine, glycine, alanine, tyrosine, ornithine and 
GABA were all lower in the imbalanced group than in the 
basal group. In addition, glycine was lower in the imbalanced 
group than in the corrected group. However, serine and 
alanine were also lower in the corrected group than in the 
basal group, and so did not differ between basal and cor- 
rected groups (Table 3). 

By contrast, in the isoleucine-imbalanced study in which 
the imbalance was less severe, there were fewer changes in 
the pattern of amino acids in the prepyriform cortex. Other 
than the decrease in isoleucine in the imbalanced group and 
the increase in this amino acid in the corrected group, the 


only difference in amino acid concentrations among the 3 
groups was in threonine, which was higher in both imbal- 
anced and corrected groups than in the basal group (Table 4). 
In the anterior cingulate cortex in the threonine study, 
isoleucine and lysine were increased in the corrected group, 
by comparison with the imbalanced or basal group, but only 
threonine differed in all 3 groups (Table 5). In the isoleucine 
study, only the changes in the concentration of isoleucine 
were similar to those noted in the prepyriform cortex. 
There were several significant positive correlations be- 
tween concentrations of amino acids in both of these tissues 
under the present dietary conditions. In the prepyriform cor- 
tex, the concentrations of the neuroactive amino acids, 
glycine, glutamic acid and aspartic acid were significantly 
correlated in both studies. The inhibitory amino acid neuro- 
transmitter, GABA, was not correlated with the other 
neuroactive amino acids in the prepyriform cortex in either 
study. However, there were many more significant correla- 
tions between amino acid concentrations in the anterior cin- 
gulate cortex than in the prepyriform cortex in both studies. 
The correlations that were similar in this tissue for both 
studies included those noted above for the prepyriform cor- 
tex: i.e., between glutamic acid, aspartic acid and glycine, 
although in addition, in this tissue, GABA was also corre- 
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TABLE 5 


AMINO ACIDS IN THE ANTERIOR CINGULATE CORTEX OF ANIMALS OFFERED 
PURIFIED AMINO ACID DIETS WITH THREONINE AS THE GROWTH-LIMITING 
AMINO ACID (nmol/mg WET TISSUE WEIGHT) 





Amino Acid Basal 


Imbalanced Corrected 





Taurine 5.59 + 0.62 
Aspartic acid 1.98 + 0.30 
Threonine 0.12 + 0.30% 
Serine 1.41 + 0.12 
Glutamic acid 10.33 + 1.13 
Glutamine 2.41 
Glycine 
Alanine 
Valine 
Methionine 
Isoleucine 
Leucine 
Tyrosine 
Phenylalanine 
Tryptophan 
Lysine 
Histidine 
GABA 

IAAs* 
IAA-threoninet 


I+ 


I+ I+ I+ I+ 


0.04 

0.04 

0.12 

0.12 + 

0.05 

2.00 + 

0.70 

0.58 + 0.10¢§ 


4.42 + 0.67 5.71 
1.47 + 0.38 2.05 
0.06 + 0.028 0.30 
0.95 + 0.17 1.44 
7.32 + 1.27 10.61 
1.59 + 0.24 2.32 
0.48 + 0.08 0.82 
0.30 + 0.05 

0.03 + 0.01 

0.04 + 0.01 0.02 

0.02 + 0.00§ .06 + 0.024 
0.04 + 0.01 .08 + 0.01 

0.05 + 0.01 0.01 

0.02 + 0.01 0.01 

0.05 + 0.01 0.04 

0.13 + 0.024§ 0.03§ 
0.04 + 0.01 0.03 

1.54 + 0.29 0.30 

0.44 + 0.04§ 0.164 
0.38 + 0.064 0.12§ 


0.49 
0.28 
0.08 
0.17 
1.22 
0.25 
0.09 
0.05 
0.03 


ti tt + 4+ + + 


it i+ + 1+ + + I+ + 


I+ 
i+ + 4 4+ 4 HO OI 





*IAAs: Sum of the indispensable amino acids: thr, val, met, ile, leu, phe, trp, 


lys, his. 


+IAA-threonine: Sum of the indispensable amino acids not including threonine. 
Values are mean + standard error for 7 animals per group. 
+§Differing superscripts indicate significant differences between dietary treat- 


ment groups for the indicated amino acid. 


lated with glycine and the acidic amino acid neurotransmit- 
ters. Also, tryptophan was positively correlated with 
tyrosine in the cingulate cortex. 


DISCUSSION 


We report here that the norepinephrine concentration was 
decreased 30% in the prepyriform cortex of rats offered im- 
balanced amino acid diets. As noted above, the prepyriform 
cortex has been shown, by lesion studies, to be important in 
mediating the control of food intake in rats fed imbalanced 
amino acid diets [15,25]. The anterior cingulate cortex, 
which may be considered as a comparison tissue in this acute 
study, has been shown to be involved in the adaptive, but not 
the initial phase of food intake depression. No changes in 
monoamine concentrations were found in the anterior cingu- 
late cortex of the imbalanced diet groups. However, in the 
prepyriform cortex, similar decreases in norepinephrine 
concentration were noted in both studies in which diets with 
different limiting amino acids were used. 

Studies reporting the effects of norepinephrine on feeding 
have suggested that increased norepinephrine is facilitatory 
to feeding [10,35]. Thus, a decrease in norepinephrine asso- 
ciated with or preceding a decrease in imbalanced diet intake 
could be considered consistent with these suggestions. 
However, there are several reports that the role of norepi- 
nephrine in feeding depends on the specific brain area in- 


volved. For example, reduced norepinephrine in the 
paraventricular and dorsomedial hypothalamic nuclei led to 
aphagia, while reductions in norepinephrine in the periforni- 
cal hypothalamus led to hyperphagia [20]. This laboratory 
has previously reported that neither ventral tegmental le- 
sions, designed to deplete norepinephrine stores in the hypo- 
thalamus and other areas fed by the ventral tegmental tract 
[17], nor lesions of the ventral medial hypothalamus [14] 
altered the animal's response to an imbalanced amino acid 
diet. However, the source(s) of the fibers feeding into the 
prepyriform cortex have not been identified [36], and the 
effects of decreased norepinephrine in the prepyriform cor- 
tex are unknown, at least with regard to feeding responses in 
the rat. 

A decrease in the concentration of a neurotransmitter can 
indicate either increased release or decreased synthesis of 
the transmitter. If the present result were due to decreased 
synthesis, it could not be because the tyrosine levels were 
decreased, since there were no significant changes in 
tyrosine concentrations in either study. 

There are several reports of monoamine and amino acid 
concentrations in whole brains of animals after ingestion of 
diets differing in protein content [1, 30, 32]; whole brain 
concentrations of monoamine neurotransmitters were un- 
changed after feeding several combinations of protein and 
amino acid diets [31-33]. However, even relatively 
pronounced changes, if they occur in small brain areas, may 
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TABLE 6 


AMINO ACIDS IN THE ANTERIOR CINGULATE CORTEX OF ANIMALS OFFERED 
PURIFIED AMINO ACID DIETS WITH ISOLEUCINE AS THE GROWTH-LIMITING 
AMINO ACID (nmol/mg WET TISSUE WEIGHT) 





Amino Acid 


Basal 


Imbalanced 


Corrected 





Taurine 
Aspartic acid 
Threonine 
Serine 
Asparagine 
Glutamic acid 
Glutamine 
Proline 
Glycine 
Alanine 
Valine 
Methionine 
Isoleucine 
Leucine 
Tyrosine 
Phenylalanine 
Tryptophan 
Ornithine 
Lysine 
Histidine 
GABA 
IAAs* 


13.77 + 1.17 
3.07 + 0.80 
0.33 + 0.19 
1.48 + 0.30 
0.16 + 0.01 
14.86 + 1.83 
5.55 + 0.75 
0.30 + 0.12 
1.71 + 0.59 
1.06 + 0.42 
0.20 + 0.05 
0.26 + 0.09 
0.08 + 0.03 
0.07 + 0.02 
0.02 + 0.01 
0.03 + 0.02 
0.02 + 0.02 
0.11 + 0.01 
0.15 + 0.04 
0.16 + 0.05 
1.21 + 0.17 
1.30 + 0.21 


14.39 + 1.37 
2.44 + 0.31 
0.55 + 0.10 
1.27 + 0.22 
0.12 + 0.01 
12.50 + 0.77 
5.11 + 0.40 
0.21 + 0.09 
1.40 + 0.38 
0.87 + 0.21 
0.19 + 0.04 
0.17 + 0.06 
0.05 + 0.02 
0.18 + 0.06 
0.02 + 0.01 
0.03 + 0.02 
0.04 + 0.02 
0.10 + 0.02 
0.21 

0.15 + 

1.31 

1.57 


11.54 + 0.87 
2.26 + 0.23 
0.25 + 0.02 
1.29 + 0.16 
0.13 + 0.01 

13.09 + 1.42 
5.03 + 0.36 
0.09 + 0.04 
0.98 + 0.10 
0.60 + 0.04 
0.14 + 0.01 
0.09 + 0.04 
0.09 + 0.02 
0.10 + 0.02 
0.01 + 0.01 
0.02 + 0.01 
0.02 + 0.01 
0.10 + 0.02 
0.31 + 0.06 
0.09 + 0.01 
1.22 + 0.15 


IAA-isoleucinet 1.22 + 0.18 


1.11 + 0.08 


1.52 B 1.01 + 0.08 





*IAAs: Sum of the indispensable amino acids: thr, val, met, ile, leu, phe, trp, 


lys, his. 


+IAA-isoleucine: Sum of the indispensable amino acids not including isoleucine. 
Values are mean + standard error for 4-6 animals per group. 


not be noted in studies using the whole brain. The basal 
amino acid diet, which is relatively balanced, and the cor- 
rected diet which is well balanced, contain amino acids 
equivalent to 10.5 and 17.3% crude protein, respectively. 
These could be considered to be low and just adequate levels 
of dietary protein, but except for a reduction in one of four 
corrected groups, there were no changes in the serotonin 
content of these brain areas, nor were there any consistent 
changes in the tryptophan concentrations in these areas. 
Thus, our results would not seem to support the suggestion 
of Wurtman and colleagues [5] and Anderson [1] that the 
concentration of dietary protein affects the whole brain 
serotonin concentration via changes in the brain tryptophan 
concentration. 

The changes in amino acid patterns reported here are of 
interest, since amino acid concentrations in specific brain 
areas after feeding imbalanced amino acid diets have not 
previoulsy been investigated. Previous reports have indi- 
cated that whole brain concentrations of the indispensable 
amino acids added to cause an imbalance were somewhat 
increased, and there was a reduction in the concentration(s) 
of the limiting amino acid(s) in whole brain [29]. We did 
observe significant decreases in the limiting amino acid in 
both studies. The food intake of the animals on the 
threonine-imbalanced diet was decreased, such that the net 
intake of threonine was 70% of that in the basal-diet group, 
but the concentrations of threonine in these cortex samples 


were even further reduced, to 50-57% of the basal level. In 
addition, the concentration of isoleucine in the prepyriform 
cortex was decreased, but there were no differences in food 
intake in the isoleucine study. Therefore, intake of the limit- 
ing amino acids did not account fully for their decreased 
concentrations in these tissues. 

In parallel experiments, the food intake reduction of the 
isoleucine-imbalanced diet group reached significance by 
18:00, 6 hours after presentation of the diets (unpublished 
observations). In repeated experiments with these diets, the 
isoleucine-imbalanced group did not fail to reduce their food 
intake, although the concentration of the imbalanced mixture 
in this diet is less, and so the imbalance is less severe, and 
the rate of reduction in food intake has never been as sharp 
as that for the threonine-imbalanced diet [13,14]. Thus, with 
regard to the limiting amino acid, the changes in the amino 
acid patterns in these 2 brain areas resembled results re- 
ported for whole brain. In addition, the several variations in 
the pattern of individual amino acids in these brain areas 
after a more severely imbalanced ration (threonine- 
imbalanced study) may be compared with the paucity of al- 
terations in the less severely imbalanced diet (isoleucine- 
imbalanced study), in which food intake had not yet de- 
creased at the time of killing. Also, the present results in 
these cortical brain areas are in line with those using whole 
brain in that the sum of the indispensable amino acids added 
to create the imbalance (IAA-THR) was only slightly altered 
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in the imbalanced group of the threonine study [29], rather 
than greatly increased, as it has been shown to be in the 
plasma [18]. 

As noted above, the 2 brain areas used in the present 
study play different roles in the regulation of food intake in 
animals given imbalanced amino acid diets. The prepyriform 
cortex is involved in the immediate reduction of food intake 
in these animals, while the cingulate cortex is involved in the 
later adaptation phase of the response. The mechanisms un- 
derlying the neural control of the feeding response in this 
dietary paradigm are unknown. The prepyriform cortex is a 
primary olfactory relay [36], but olfactory bulbectomy did 
not prevent the reductions in food intake of animals offered 
the amino acid imbalanced or deficient diets [11]. Thus, ol- 
faction is not considered to be essential in the control of 
feeding with imbalanced amino acid diets. Neither is taste 
likely to be involved in the initial response to imbalanced 
amino acid diets, since food intake was rapidly depressed in 
rats that were given IV infusions of imbalanced amino acids 
in order to bypass oral input and the taste pathways [28]. 
Further, intact rats chose a corrected diet adulterated with 
quinine over an imbalanced diet without any added taste 
cues [12]. 

Reductions in the concentrations of the acidic amino acid 
neurotransmitters, glutamic acid and aspartic acid have been 
reported in the prepyriform cortex after olfactory bulbec- 
tomy, and so they are postulated to be the primary neuro- 
transmitters in that area [7]. However, these amino acids 
were altered similarly in both brain areas in both studies, and 
they were not significantly reduced in the imbalanced group 
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in either study. Thus, glutamic acid and aspartic acid may 
not be involved in this feeding response. This interpretation 
is consistent with the negative results of olfactory bulbec- 
tomy, as noted above [11]. 

In sum, in animals offered the imbalanced diet, norepi- 
nephrine was reduced in the prepyriform cortex, but not the 
cingulate cortex, in both studies. The limiting amino acid 
concentrations were reduced in the prepyriform cortex in 
both studies, and in the cingulate cortex, the limiting amino 
acid was reduced only in the threonine-imbalanced study. At 
the same time, the [AA-THR were increased in the corrected 
group both in the prepyriform cortex and cingulate cortex 
but the IAA-ILE were not significantly altered in either tis- 
sue. 
Since the animals in the present study were intact, and the 
prepyriform, but not cingulate cortex levels of norepineph- 
rine were reduced after ingesting the imbalanced diet, the 
concentration of norepinephrine in the prepyriform cortex 
may be associated with the initial depression of feeding in 
animals fed an imbalanced amino acid diet. Further studies 
are in progress to determine what specific effect, if any, the 
noradrenergic system may play in regulating the feeding re- 
sponse of rats to imbalanced amino acid diets. 


ACKNOWLEDGEMENTS 


We are grateful to Dr. Shri Giri for the use of the HPLC equip- 
ment, and to Mrs. Tracy Schuster for excellent secretarial assist- 
ance. 


REFERENCES 


. Anderson, G. H. Control of protein and energy intake: Role of 
plasma amino acids and brain neurotransmitters. Can J Physiol 
Pharmacol 57: 1043-1057, 1979. 

. Blundell, J. E. and P. J. Rogers. Effects of anorexic drugs on 
food intake, food selection and preferences and hunger motiva- 
tion and subjective experiences. Appetite 1: 151-165, 1980. 

. Bradford, M. M. A rapid and sensitive method for the quantita- 
tion of microgram quantities of protein utilizing the principle of 
protein-dye binding. Anal Biochem 72: 248-254, 1976. 

. Chee, K. M., D. R. Romsos, W. G. Bergen and G. A. Leveille. 
Protein intake regulation and nitrogen retention in young obese 
and lean mice. J Nutr 111: 58-67, 1981. 

. Fernstrom, J. D. and R. J. Wurtman. Brain serotonin content: 
Physiological regulation by plasma neutral amino acids. Science 
178: 414-416, 1972. 

. Harper, A. E. Protein and amino acids in the regulation of food 
intake. In: Hunger: Basic Mechanisms and Clincial Implica- 
tions, edited by D. Novin, W. Wyrwicka and G. Bray. New 
York: Raven Press, 1976, pp. 103-113. 

. Harvey, J. A., C. N. Scholfield, L. T. Graham, Jr. and M. H. 
Aprison. Putative transmitters in denervated olfactory cortex. J 
Neurochem 24: 445-449, 1975. 

. Hoebel, B. G. Neurotransmitters in the control of feeding and 
its rewards: Monoamines, opiates and brain-gut peptides. In: 
Eating and Its Disorders, edited by A. J. Stunkard and E. Stel- 
lar. New York: Raven Press, 1984, pp. 15-38. 

. Kelly, J., G. F. Alheid, A. Newberg and S. P. Grossman. 
GABA stimulation and blockade in the hypothalamus and mid- 
brain: Effects on feeding and locomotor activity. Pharmacol 
Biochem Behav 7: 523-541, 1977. 

. Leibowitz, S. F. Brain catecholaminergic mechanisms for con- 
trol of hunger. In: Hunger: Basic Mechanisms and Clinical Im- 
plications, edited by D. Novin, W. Wyrwicka and G. Bray. New 
York: Raven Press, 1976, pp. 1-31. 


11. Leung, P. M. B., D. M. Larson and Q. R. Rogers. Food intake 
and preference of olfactory bulbectomized rats fed amino acid 
imbalanced or deficient diets. Physiol Behav 9: 553-557, 1972. 

. Leung, P. M. B., D. M. Larson and Q. R. Rogers. Influence of 
taste on dietary choice of rats fed amino acid imbalanced or 
deficient diets. Physiol Behav, submitted. 

. Leung, P. M. B. and Q. R. Rogers. Food intake: Regulation by 
plasma amino acid pattern. Life Sci 8: 1-9, 1969. 

. Leung, P. M. B. and Q. R. Rogers. Effect of amino acid imbal- 
ance and deficiency on food intake of rats with hypothalamic 
lesions. Nutr Rep Intern 1: 1-10, 1970. 

. Leung, P. M. B. and Q. R. Rogers. Importance of prepyriform 
cortex in food-intake response of rats to amino acids. Am J 
Physiol 221: 929-935, 1971. 

. Leung, P. M. B. and Q. R. Rogers. Disturbances in amino acid 
balance. In: Total Parenteral Nutrition, edited by H. Ghadami. 
New York: John Wiley and Sons, 1975. pp. 259-284. 

. Leung, P. M. B. and Q. R. Rogers. Hyperphagia after ventral 
tegmental lesions and food intake responses of rats fed dispro- 
portionate amounts of dietary amino acids. Physiol Behav 25: 
457-464, 1980. 

. Leung, P. M. B., Q. R. Rogers and A. E. Harper. Effect of 
amino acid imbalance on plasma and tissue free amino acids in 
the rat. J Nutr 96: 303-318, 1968. 

. Li, E. T. S. and G. H. Anderson. Self-selected meal composi- 
tion, circadian rhythms and meal responses in plasma and brain 
tryptophan and 5-hydroxytryptamine in rats. J Nutr 112: 2001- 
2010, 1982. 

. Marshall, J. F. Regulation of food intake. In: Adrenergic Ac- 
tivators and Inhibitors, Part I, edited by L. Szekeres. New 
York: Springer-Verlag, 1980, pp. 569-578. 





1080 


21. McGeer, P. L., J. C. Eccles and E. G. McGeer. Specific 


neuronal participants and their physiological actions. In: 

Molecular Neurobiology of the Mammalian Brain. New York: 

Plenum Press, 1978, pp. 141-363. 

. Meliza, L. L., P. M. B. Leung and Q. R. Rogers. Effect of 

anterior prepyriform and medial amygdaloid lesions on acquisi- 

tion of taste-avoidance and response to dietary amino acid im- 

balance. Physiol Behav 26: 1031-1035, 1981. 

. Meliza, L. L., P. M. B. Leung and Q. R. Rogers. Cingulate 

lesions and behavioral adaptation to amino acid imbalanced di- 

ets. Physiol Behav 30: 243-246, 1983. 

. Morley, J. E., A. S. Levine, G. K. Yim and M. T. Lowy. Opioid 

modulation of appetite. Neurosci Biobehav Rev 7: 281-305, 

1983. 

. Noda, K. and K. Chikamori. Effect of ammonia via prepyriform 

cortex on regulation of food intake in the rat. Am J Physiol 231: 
1263-1266, 1976. 

. Pardridge, W. M. The role of blood-brain barrier transport of 
tryptophan and other neutral amino acids in the regulation of 
substrate-limited pathways of brain amino acid metabolism. J 
Neural Transm Suppl 15: 43-54, 1979. 

. Pellegrino, L. J. and A. J. Cushman. A Stereotaxic Atlas of the 
Rat Brain. New York: Appleton-Century Crofts, 1967. 

. Peng, Y. and A. E. Harper. Amino acid balance and food in- 
take: effect of amino acid infusions on plasma amino acids. Am 
J Physiol 217: 1441-1445, 1969. 

. Peng, Y., J. K. Tews and A. E. Harper. Amino acid imbalance, 
protein intake, and changes in rat brain and plasma amino acids. 
Am J Physiol 222: 314-321, 1972. 

. Peters, J. C., D. B. Bellissimo and A. E. Harper. L-Tryptophan 
injection fails to alter nutrient selection by rats. Physiol Behav 
32: 253-259, 1984. 

. Peters, J. C. and A. E. Harper. Protein and energy consump- 
tion, plasma amino acid ratios, and brain neurotransmitter con- 
centrations. Physiol Behav 27: 287-298, 1981. 

. Peters, J . C. and A. E. Harper. Influence of dietary protein 
level on protein self-selection and plasma and brain aminio acid 
concentrations. Physiol Behav 33: 783-790, 1984. 


GIETZEN, LEUNG AND ROGERS 


. Peters, J. C. and A. E. Harper. Adaptation of rats to diets 


containing different levels of protein: Effects on food intake, 
plasma and brain amino acid concentrations and brain neuro- 
transmitter metabolism. J Nutr 115: 382-398, 1985. 


. Rogers, Q. R. and P. M. B. Leung. The influence of amino acids 


on the neuroregulation of food intake. Fed Proc 32: 1709-1719, 
1973. 


. Rossi, J., Ill, A. J. Zolovick, R. F. Davies and J. Panksepp. The 


role of norepinephrine in feeding behavior. Neurosci Biobehav 
Rev 6: 195-204, 1982. 


. Shepherd, G. M. Olfactory cortex. In: The Synaptic Orgainza- 


tion of the Brain. New York: Oxford University Press, 1979, pp. 
289-307. 


. Tews, J. K., Y.-W. L. Kim and A. E. Harper. Induction of 


threonine imbalance by dispensable amino acids: Relation to 
competition for amino acid transport into brain. J Nutr 109: 
304-315, 1979. 


. Tews, J. K., Y.-W. L. Kim and A. E. Harper. Induction of 


threonine imbalance by dispensable amino acids: Relationships 
between tissue amino acids and diet in rats. J Nutr 110: 394-408, 
1980. 


. Tews, J. K., Q. R. Rogers, J. G. Morris and A. E. Harper. 


Effect of dietary protein and GABA on food intake, growth and 
tissue amino acids in cats. Physiol Behav 32: 301-308, 1984. 


. Tobin, G. and K. N. Boorman. Carotid or jugular amino acid 


infusions and food intake in the cockerel. Br J Nutr 41: 157-162, 
1979. 


. Wagner, J., P. Vitali, M. G. Palfreyman, M. Zraika and S. Huot. 


Simultaneous determination of 3,4-dihydroxyphenylalanine, 
5-hydroxytryptophan, dopamine, 4-hydroxy-3-methoxyphenyl- 
acetic acid, norepinephrine, 3-4-dihydroxyphenylacetic acid, 
homovanillic acid, serotonin and 5-hydroxyindoleacetic acid in 
rat cerebrospinal fluid and brain by high performance liquid 
chromatography with electrochemical detection. J Neurochem 
38: 1241-1254, 1982. 


. Wayner, M. J., T. Ono, A. DeYoung and F. C. Barone. Effects 


of essential amino acids on central neurons. Pharmacol 
Biochem Behav 3: Suppl 1, 85-90, 1975. 


. Wurtman, J. J. and R. J. Wurtman. Drugs that enhance central 


serotoninergic transmission diminish elective carbohydrate 
consumption by rats. Life Sci 24: 895-904, 1979. 





Physiology & Behavior, Vol. 36, pp. 1081-1088. Copyright © Pergamon Press Ltd., 1986. Printed in the U.S.A. 003 1-9384/86 $3.00 + .00 


Salt-Acid Confusion on the Single 
Fungiform Papilla: Effect of 
Changing Acid Sensitivity’ 


N. BRUCE McCUTCHEON 
Department of Psychology, State University of New York at Albany, Albany, NY 12222 


Received 17 June 1985 


McCUTCHEON, N. B. Salt-acid confusion on the single fungiform papilla: Effect of changing acid sensitivity. PHYSIOL 
BEHAV 36(6) 1081-1088, 1986.—Individual fungiform papillae were tested for salt-acid misidentification (confusion) to NaCl 
and citric acid stimulation. Adapting conditions shown either to enhance the intensity or decrease the intensity of citric acid 
failed to modify the intensity of NaCl. Nor did these adaptation conditions change the frequency of *‘acid’’ reports to NaCl 
or “‘salt’’ reports to citric acid. The papillae varied in their tendency to induce the salt-acid misidentification. Salt-acid 
confusion existed in the absence of ‘‘stinging’’ tactile sensations and varied in degree between 2 papillae within the same 


subject. 


Salt-acid confusion Single papilla psychophysics 


NaCl taste responses 


Fungiform papilla stimulation 





SINGLE fungiform papilla stimulation with NaCl often 
evokes a ‘‘sour’’ response instead of the ‘‘salty’’ quality 
typical for this chemical. McCutcheon and Saunders [10] 
reported that 0.4 M NaCl was often called ‘‘sour’’ as did 
Kuznicki [8] and Cardello [4,5] for concentrations around 1.0 
M. Cardello worked with a concentration series from 0.0025 
M to 5.0 M and reported ‘‘sweet’’ to be evoked at the lowest 
concentrations, ‘‘salty’’ around 0.04 M and “‘sour’’ around 
0.1 M [5]. His ‘‘sweet’’ and “‘salty’’ response data are un- 
usual in that the qualities were evoked at concentrations near 
that needed for whole tongue recognition [4,12]; but for one 
notable exception [3], single papilla researchers have always 
had to use considerably higher concentrations of tastants to 
evoke quality typical responses from specific tastants. (The 
reason given for a difference between papilla and whole 
tongue responsiveness is based on an area of stimulation- 
intensity relationship developed for taste sensitivity [17]; the 
smaller the stimulation area, the weaker the sensation.) 
‘**Sour’’ reports become prominent, in Cardello’s data, be- 
tween 0.1 M and 1.0 M NaCl. At 1.0 M NaCl and higher 
concentrations, trigeminally mediated tactile sensations may 
develop. These ‘‘stinging’’ sensations could lead subjects to 
report the experience as ‘‘sour’’ because such sensations are 
usually associated with acid stimulation (the ‘“‘biting,”’ 
**stinging’’ quality of a lemon, for example). Cardello rec- 
ognized this problem when he analyzed subjects’ behavior in 
an experiment comparing electrical with chemical stimula- 
tion [6]. Tactile sensations would be less likely an explana- 
tion for the ‘‘sour’’ responses at 0.1 M NaCl and in 
McCutcheon and Saunders’ data with 0.4 M NaCl stimuli. 
However, the question of tactile mediation of sourness was 





not specifically examined in these studies, so trigeminal con- 
tribution cannot be ruled out. 

In a study comparing circumvallate with fungiform papil- 
lae stimulation, Sandick and Cardello again demonstrated 
the salt-sour confusion with citric acid and NaCl when pre- 
sented to the anterior tongue (multiple fungiform papillae 
stimulation) but not with circumvallate stimulation [13]. Cit- 
ric acid and NaCl, at the high concentrations used (0.125 M 
and 5.0 M, respectively), gave nearly identical taste quality 
profiles; in these profiles, obtained by assigning magnitude 
estimates to each of the four basic taste qualities, salty pre- 
dominated, with bitter second and sour third in strength. 

In general, NaCl seems to be a relatively poor stimulus 
for single papilla work unless high concentrations, as high as 
3.5 M to 5.0 M, are employed. This impoverished single 
papilla discrimination of NaCl was discovered years ago by 
Oehrwall (cited in [11]) and accounts for the fact that 
modern workers need either to use such high concentrations 
[1, 2, 4] or to collapse data across papillae and subjects [5] in 
order to obtain a reasonable sample of responses with lower 
concentrations. 

There are several reasons why NaCl might taste “‘sour”’ 
on the single papilla. Apparently there are some similar ele- 
ments of the taste experience, with small area stimulation of 
the anterior tongue, which may cause uncertainty in recog- 
nition [13,14]. With whole tongue Nacl stimulation, “salty” 
and ‘‘sour’’ confusion is not typical [5,16]. One possibility is 
that the ‘‘sourness”’ is misattributed to the stinging quality of 
high concentrations of acid and salt. However, in some 
cases, salt-acid confusion is reported at concentrations 
below threshold for stinging sensations. Another possibility, 
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TABLE 1 


FREQUENCY OF STIMULUS IDENTIFICATION RESPONSES—W (WATER), S (SUGAR), A (ACID), ST (SALT), FOR EACH OF 
2 PAPILLAE (PAP. A AND B, C AND D, ETC.) FROM 6 SUBJECTS (IN ALPHABETICAL ORDER) 





Subject B.C. 


Identification Response 


Stimulus pap. A pap. B 


Condition St S A St 


Identification Response 


Stimulus pap. A 
Condition WwW S A St WwW 





Ww-W 
W-S 
W-A 
S-A 
W-St 
S-St 


Ww-W 
W-S 
W-A 
A-A 
W-St 
A-St 





Subject S.C. 


Identification Response 


Stimulus pap. C 


Condition WwW S A St WwW St 


Identification Response 


Stimulus pap. C 
Condition S A & 





Ww-W 
W-S 
W-A 
S-A 
W-St 
S-St 


Ww-W 
W-S 
W-A 
A-A 
W-St 
A-St 





Subject C.G. 


Identification Response 


Stimulus pap. E 


Condition " a WwW St 


Identification Response 


Stimulus pap. E 
Condition w §$ A S&S WwW 





Ww-w 
W-S 
W-A 
S-A 
W-St 
S-St 


W-W 10 
W-S 
W-A 
A-A 
W-St 
A-St 


Not tested 





Subject T.J. 


Identification Response 


Stimulus pap. G 


Condition Ae A Ww St 


Identification Response 


Stimulus pap. G 
Condition ae ak SR 





Ww-W 
W-S 
W-A 
S-A 
W-St 
S-St 


W-W Not tested 
W-S 
W-A 
A-A 
W-St 
A-St 





and the one to be examined in this experiment, is that NaCl 
““sourness”’ derives from activation of an acid sensitive sys- 
tem, possibly by the action of hydrogen ions hydrolyzed 
from the ambient fluid by NaCl [5,7]. A relevant neural find- 
ing is that single peripheral taste nerves innervating the fun- 
giform papillae of primates respond well to both NaCl and 
HC! [15]. If NaCl is signalling acid through activation of the 


system normally responsive to hydrogen ions, then manipu- 
lations known to affect sensitivity to hydrogen ions should 
modify the *‘sour’’ response to NaCl. Acid sensitivity can be 
decreased by preexposure to acid, and can be increased by 
preexposure to sucrose [9]. Acid and sucrose preexposure 
will be applied in a psychophysical study of single papilla 
quality and intensity responses to NaCl. The foregoing ex- 
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TABLE 1 
(Continued) 





Subject C.P. 


Identification Response 


Stimulus pap. I 


pap. J 


Condition WwW S A WwW S A St 


Identification Response 


Stimulus pap. | 
Condition WwW S A 





W-W 10 
W-S 

W-A 1 
S-A 1 
W-St 2 
S-St 6 


Ww-W 
W-S 
W-A 
A-A 
W-St 
A-St 





Subject F.R. 


Identification Response 


Stimulus pap. K 
Condition W S A St W 


Identification Response 


Stimulus pap. K 
Condition WwW S A & Ww 





W-W 
W-S 
W-A 
S-A 
W-St 
S-St 


W-W 

W-S 

W-A 

A-A I 
W-St 2 

A-St 2 2 





Stimulus conditions for the enhancement condition are water-water (W-W), water-sucrose (W-S), water citric acid (W-A), 
sucrose-citric acid (S-A), water-NaCl (W-St), sucrose-NaCl (S-St) and for the adaptation condition are water-water (W-W), 
water-sucrose (W-S), water-citric-acid (W-A), citric acid-citric acid (A-A) water-NaCl (W-St), and citric acid-NaCl (A-St). 
For both the enhancement and the adaptation conditions, each stimulus condition was presented 10 times. 


perimental results indicate that sucrose should increase the 
proportion of acid reports and intensity of sensation to NaCl 
stimulation and that acid adaptation should decrease the fre- 
quency and intensity of acid sensations. 


PROCEDURE 
Subjects 


Four females and two males, ages 19 to 22, participated in 
this study as paid subjects. They were recruited from the 
student body at SUNY Albany. Five subjects were non- 
smokers and the other subject was a light smoker. They were 
asked to refrain from eating, drinking or smoking within 30 
minutes of testing. Each subject was tested at a fixed time 
twice a week for | hour per session. Sessions were held in 
morning and afternoon; each subject was tested only once 
per day. 


Stimuli 


The stimuli presented to single papilla were distilled 
water, 1.0 M sucrose, 1.0 M NaCl, 0.08 M (0.06 M) citric acid 
(as explained later, some subjects received the weaker citric 
acid concentration to avoid tactile sensations). Except for 
commercial grade sucrose, the stimuli were made from lab- 
oratory grade chemicals. They were dissolved in distilled 
water and presented at room temperature (23°C). Stimuli 
were prepared for each week’s sessions and refrigerated be- 
tween sessions. 

The delivery of the stimuli was accomplished by pumping 


<a Circumvaiiate 


3 
3 Foliate 








FIG. 1. Drawing of human tongue showing approximate locations of 
fungiform papillae tested for each subject (T.J., B.C., etc.). Note 
that these papillae are clustered near the tip of the tongue and 
somewhat laterally from the midline. Circumvallate and foliate taste 
areas are show for comparison. 


them from 1 cc glass syringes mounted on a Harvard Infu- 
sion Pump. Each syringe was fitted via polyethylene tubing 
to a 30 ga stainless steel needle; a short piece of PE 10 tubing 
was fitted to the tip of the needle and changed for each 
session. Through an electronic timer and appropriate selec- 
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TABLE 2 


ARITHMETIC MEAN MAGNITUDE ESTIMATE AND STANDARD ERROR OF THE MEAN (SEM) 
FOR THE STIMULUS CONDITIONS APPLIED DURING ENHANCEMENT AND ADAPTATION 
TESTS TO EACH OF 2 PAPILLAE (PAP. A AND B, C AND D, ETC.) IN SIX SUBJECTS 





Subject B.C. 


Magnitude Estimate 

Mean and (SEM) 

Stimulus 
Conditions 


pap. A pap. B 


Magnitude Estimate 

Mean and (SEM) 

Stimulus 
Conditions 


pap. A pap. B 





W-S 
W-A 
S-A 
W-St 
S-St 


5.7(0.82) 
7.1(0.78)* 
11.6(1.01)* 
3.0 (0.87) 
5.1(1.4) 


3.5(1.70) 
7.7(1.32) 
9.0(1.40) 
5.8(1.33) 
4.4(1.42) 


W-S 
W-A 
A-A 
W-St 
A-St 


4.8(0.93) 
8.2(1.5) 
8.6(1.89) 
4.6(1.0) 
4.2(1.35) 


4.8(1.23) 
7.4(1.54) 
8.7(1.66) 
4.6(1.35) 
4.7 (0.96) 





Subject S.C. 


Magnitude Estimate 
Mean and (SEM) 


Stimulus 


Conditions pap. C pap. D 


Magnitude Estimate 
Mean and (SEM) 


Stimulus 


Conditions pap. C pap. D 





W-S 
W-A 
S-A 
W-St 
S-St 


6.8(0.97) 
2.6(0.39) 
4.1(0.95) 
7.5(0.71) 
9.9(1.28) 


4.0 (0.50) 
0.6(0.32)* 
2.2(0.56)* 
6.2(1.0) 
4.2(1.17) 


W-S 
W-A 
A-A 
W-St 
A-St 


8.3(0.67) 
4.8(0.41)7 
2.0(0.70)* 
6.7(1.04) 
7.2(0.70) 


3.1(0.62) 
1.3(0.79) 
1.8(0.47) 
5.6(0.48) 
5.0(1.18) 





Subject C. G. 


Magnitude Estimate 
Mean and (SEM) 


Stimulus 


Conditions pap. E. pap. F 


Magnitude Estimate 
Mean and (SEM) 


Stimulus 


Conditions pap. E pap. F 





W-S 
W-A 
S-A 
W-St 
S-St 


8.6(1.04) 

5.8(2.18)* 
15.9(1.58)* 

8.4(2.49) 
10.8(2.29) 


7.5(1.42) 
10.5(1.70) 
12.7(2.42) 
7.6(1.71) 
7.8(2.12) 


W-S 
W-A 
A-A 
W-St 
A-St 


9.0(0.86) 
5.0(1.08) 
5.3(1.95) 
8.6(1.92) 
7.7(1.90) 


Not tested 





Subject T.J. 


Magnitude Estimate 
Mean and (SEM) 


Stimulus 


Conditions pap. G pap. H 


Magnitude Estimate 
Mean and (SEM) 


Stimulus 


Conditions pap. G pap. H 





W-S 
W-A 
S-A 
W-St 
S-St 


3.9(1.24) 
2.6(1.01) 
4.8(1.16) 
2.2(0.66) 
4.5(0.97) 


10.0(1.11) 
10.0(0.75)* 
11.6(1.63)* 
5.0(1.07) 
5.9(1.29) 


W-S 
W-A 
A-A 
W-St 
A-St 


Not tested 7.8(0.62) 
6.2(1.13)7 
2.9(0.66)7 
3.9(0.74) 


3.0(0.72) 





tion of pumping speed, stimulus drop size was selected to 
cover just the area of the papilla without touching any neigh- 
boring fungiform papillae. 


Training 


Each subject received 5 or 6 days of training. The first 2 
days of training were to familiarize them with the task of 


discriminating the difference between sugar and water pre- 
sented to the single papilla. At the same time, the experi- 
menter looked for appropriately spaced papillae on the front 
of the tongue which would allow discrete stimulation and 
avoid any problem of stimulus spread to adjacent papillae 
(e.g., by drainage through fissures). The stimulus for each 
trial was announced before presentation to aid the subjects in 
making their discrimination. In the next few sessions, citric 
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TABLE 2 


(Continued) 





Subject C.P. 


Magnitude Estimate 
Mean and (SEM) 


Stimulus 


Conditions pap. I pap. J 


Conditions 


Magnitude Estimate 
Mean and (SEM) 


Stimulus 


pap. I pap. J 





W-S 
W-A 
S-A 
W-St 
S-St 


8.0(1.17) 
10.5(1.66) 
12.5(1.80) 
5.5(1.23) 
2.5(1.18) 


11.0(1.31) 
13.5(1.93)* 
18.0(0.86)* 
12.0(1.79) 
9.0(1.53) 


W-S 
W-A 
A-A 
W-St 
A-St 


6.5(1.37) 
11.0(1.05) 
11.0(2.05) 
4.5(1.68) 
5.0(1.76) 


13.0(1.17) 
14.5(1.23) 
13.5(1.37) 

7.5(1.18) 
11.5(2.09) 





Subject F. R. 


Magnitude Estimate 
Mean and (SEM) 


Stimulus 


Conditions pap. K pap. L 


Magnitude Estimate 
Mean and (SEM) 


Stimulus 


Conditions pap. K pap. L 





W-S 
W-A 
S-A 
W-St 
S-St 


9.0(1.53) 
13.0(2.63)* 
21.0(1.89)* 
14.0(3.41) 
12.5(1.8) 


9.5(2.54) 
11.0(2.19) 
10.0(2.61) 
4.5(1.46) 
4.0(1.31) 


W-S 
W-A 
A-A 
W-St 
A-St 


9.0(1.53) 
14.0(2.33) 
14.5(2.54) 
11.5(2.61) 
9.5(1.99) 


9.5(2.14) 
8.0(1.79) 
9.0(3.12) 
3.0(1.17) 
5.5(1.99) 





Mean values with the same superscript symbol are significantly different at the p<0.025 level 
(one-tailed test) as tested by the t-test for correlated means. The f-test was applied only to the 
means of the following conditions W-A vs. S-A, W-St vs. S-St, W-A vs. A-A, and W-St vs. 


A-St. 


acid and NaCl were added to the list of stimuli and then, 
finally, prestimulation announcement was replaced with 
post-stimulation identification (‘‘feedback’’) following the 
subject’s report. Also at this time the subjects were trained 
to make magnitude estimations of the taste intensity. A 
standard stimulus (‘‘anchor’’), 1.0 M sucrose, was assigned 
the value ‘*10°’ and all taste intensities were to be judged 
relative to that standard—‘‘twice as strong, call it 20, half as 
strong, call it 5, and so forth.’’ At this time different concen- 
trations of citric acid were tried to find one which yielded 
intensity ratings similar to those given to NaCl and sucrose 
and which did not sting. 

The subjects were blindfolded during these final training 
sessions and reported their judgments by writing them on a 
pad of paper while their tongues were still extended. Their 
taste category report was in terms of the relevant 
stimulus—‘‘water,”’ ‘‘sugar,’’ ‘‘acid,”’ ‘‘salt’’—not in terms 
of taste quality (“‘sweet,’’ “‘sour,’’ etc.). In this way, we 
attempted to avoid forcing subjects to use taste labels com- 
mon to tasting with the whole tongue; single papilla tastes 
have clearly different quality and intensity characteristics 
than whole tongue tastes. 

In sum, the following important conditions were estab- 
lished during training: (1) single papillae were identified 
which were responsive to sugar, acid and salt and which 
physically permitted stimulus drops to be confined to the 
tested papilla. (2) Subjects were trained to be sensitive to 
taste differences among the stimuli and to estimate intensity 
relative to a standard. (3) Acid concentrations were chosen 
which gave sensory magnitudes within the range seen for 


sugar and salt and which did not evoke “‘stinging’’ tactile 
sensations. 


Testing 


Before commencing the testing, each stimulus was 
announced and presented to | of the 2 papilla tested each 
session; the same papilla was used for all sessions. Each 
stimulus was preceded by 10-15 sec of water applied to the 
papilla. Sucrose was identified as the reference standard for 
magnitude estimation and its sensation was assigned the 
value **10°’. 

All stimuli were presented following 10-15 sec of prior 
exposure to water, sugar or acid. The stimulation pairs were: 
water-water, water-1.0 M sucrose, water-0.08 M (0.06 M) 
citric acid, water-1.0 M NaCl, 1.0 M sucrose-0.08 M (0.06 M) 
citric acid, 1.0 M sucrose-1.0 M NaCl, 0.08 M (0.06 M) citric 
acid-0.08 M (0.06 M) citric acid, and 0.08 M (0.06 M) citric 
acid-1.0 M NaCl. The prior sucrose exposure was to test for 
enhancement and the prior acid exposure was to test for 
adaptation. 

Testing was carried out exactly as during the last of the 
training sessions. The subject sat before a binocular micro- 
scope for tongue viewing. At the time of stimulation, the 
blindfolded subject rested his chin on a small platform and 
extended his tongue. The experimenter located the specific 
fungiform papilla to be tested under low magnification, blot- 
ted the stimulation area with a small piece of filter paper, and 
then placed a small drop of preexposure solution on the 
papilla. Between 10 and 15 sec later, the drop was blotted off 
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the papilla with a piece of filter paper and the subject alerted 
to the coming stimuius drop with the word ‘‘stimulus.’’ With 
the tongue still out of the mouth, the subject wrote his re- 
sponses for the quality characteristics—‘‘S’’ (sugar), **A’”’ 
(acid), ‘*St’’ (salt), or ‘‘W’’ (water)}—and the intensity mag- 
nitude (‘‘10,’’ **20,"’ ‘*5,’’ etc.). Then he took a sip of tap 
water to rinse the tongue, expectorated and waited approx- 
imately 30 sec, with tongue in mouth, until the next trial. 

For the first 2 subjects (C.G. and T. J.), no feedback was 
given the subject except for water. For the rest of the sub- 
jects (B.C., S.C., C.P. and F.R.), feedback was given for all 
stimuli to avoid the possible problem of unequal practice in 
making subtle discriminations without corrective informa- 
tion. 

For each subject, the same 2 papillae were tested during 
all sessions. During each 1 hr session, the papilla was ex- 
posed twice to water-water, water-sugar, water-acid, and 
water-salt. In addition, 1 papilla received 2 trials each with 
sucrose-acid and sucrose-salt while the other papilla re- 
ceived 2 trials each with acid-acid and acid-salt. Stimulus 
order was randomly assigned to each papilla for each subject 
and the subject’s 2 papillae were alternately stimulated 
throughout the session; thus, a given papilla would be stimu- 
lated about once every 70-90 sec. Totally, the enhancement 
and adaptation pairs were presented 10 times to each papilla 
across 10 sessions (Fig. 1). 


Data Analysis 


The magnitude estimate arithmetic means were compared 
for enhancement (sucrose-acid vs. sucrose-NaCl) and adap- 
tation (acid-acid vs. acid-NaCl) with a t-test for correlated 
means. Significance was set at p<0.025, one-tailed test. 


RESULTS 
Salt-Acid ‘‘Confusion”’ 


Table 1 gives the subjects’ stimulus identifications. For al- 
most all trials for all papillae, sucrose was identified as 
‘*sugar.”’ Water was identified as ‘‘water’’ most of the time 
but occasionally produced another response. This was 
especially true for T.J on papilla H and C.P. on papilla J. 
With water adaptation, acid was typically identified as 
‘*‘acid’’ on most trials across papillae. However, 3 papillae 
(C.G.—F; F.R.—K, L) produced at least 25% salt responses 
to acid. Similarly for salt, most of the papillae produced 
**salt’’ responses. However, six yielded at least 25% ‘‘acid”’ 
identifications (S.C.—D; C.G.—E; T.J.—H; F.R.—K; 
C.P.—I, J; with 50% of her identifications being ‘‘acid’’ on 
J). Out of 220 water-NaCl trials across all subjects, approx- 
imately 20% were reported as ‘‘acid’’; for water-citric acid 
trials, about 15% were reported as “‘salt.’’ In general, the 
‘**water’’ responses were higher for salt than for acid or 
sugar. 


Sucrose Enhancement 


Table 2 presents the magnitude estimation means and 
standard errors for all tested papillae. Significant enhance- 
ment of acid intensity occurred in all subjects (B.C.—A; 
S.C.—D; C.G.—E; T.J.—H; C.P.—J; F.R.—K). None of 
the sucrose-NaCl magnitudes reached significance. Al- 
though some of the mean differences were in the expected 
direction, just as many were in the opposite direction. 

A substantial increase (30%) in frequency of ‘‘acid”’ re- 
sponses to NaCl occurred twice (S.C.—C; F.R.—K; see 
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Table 1); only one of those papillae indicated significant acid 
intensity enhancement (F.R.—K). Other papillae response 
frequencies were essentially unchanged except for a possible 
masking effect of sucrose on the NaCl taste, which caused an 
increase in ‘‘water’’ reports. The frequency of ‘‘salt’’ reports 
to acid stimulation shifted in some cases (C.G.—F; C.P.—J; 
F.R.—K) to more ‘‘acid’’ reports. 

Few stinging sensations were reported, except for subject 
C.G. She reported a sting on 12 trials with sucrose-acid, 4 
trials with water-acid and 1 trial with sucrose-NaCl. Subjects 
T.J., C.P. and F.R. reported ‘‘stinging’’ on only a few trials 
for acid or salt. 


Acid Adaptation 


There were only two significant cases of intensity reduc- 
tion of acid by prior exposure to acid (S.C.—C; T.J.—H). 
There were no significant cases of magnitude reduction of 
salt by prior acid exposure. For the two papillae which did 
show acid adaptation, the magnitude of NaCl intensity after 
acid adaptation was in the expected direction in one case but 
essentially unchanged in the other. 

Proportion of ‘‘acid’’ responses to NaCl was noticeably 
reduced in one case only (S.C.—D; see Table 1); that papilla 
did not show significant intensity reduction. The other papil- 
lae showed little change in number of ‘‘acid’’ responses with 
acid adaptation. Further the proportion of ‘‘salt’’ responses 
to acid stimulation was little affected by acid adaption. 

In general, magnitude estimation variance was rather 
high. It was not unusual for some subjects to double or halve 
their intensity ratings to the same stimulus conditions pre- 
sented just a few minutes apart. This situation is typical of 
other single papilla stimulation studies [9]. As far as meeting 
the conditions expected during training—water-acid and 
water-salt yielding approximately the same sensation mag- 
nitudes and low frequency of ‘‘sting’’ reports to acid and 
salt—success was modest for intensity matching and high for 
“*sting’’ avoidance. Typically, mean NaCl intensities were 
lower than acid intensities, but within a session, NaCl and 
acid would frequently evoke similar intensity responses. 


DISCUSSION 


The hypothesis that the salt-acid confusion would be 
modified by conditions known to affect acid sensitivity was 
not supported by the results of this experiment. The acid 
enhancement by preexposure to sucrose, which occurred in 
all six subjects, did not noticeably alter the intensity of NaCl; 
nor did it remarkably change the proportion of ‘‘acid’’ re- 
ports. Acid adaptation was surprisingly infrequent under 
these experimental conditions. When it did occur, there was 
no corresponding change in NaCl intensity or proportion of 
‘‘acid’’ responses. Likewise, the less frequent ‘“‘salt’’ re- 
sponses to acid stimulation were not much altered by preex- 
posure conditions. 

Importantly, however, this study focused on the individ- 
ual papilla and the individual subject. It thus provided suffi- 
cient data to elucidate some of the response characteristics 
of each papilla. It is an interesting fact that the salt-acid 
confusion can be prominent for one papilla but not for an- 
other within the same subject. Subject S.C., for example, 
rarely called NaCl ‘‘acid’’ on one papilla but on the other 
papilla called NaCl ‘‘acid’’ 30% of the time. In this particular 
case the papilla specific confusion may have been related to 
the relative salt and acid intensities. Perhaps because acid 
produced a weak response, when NaCl evoked a weak re- 
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sponse, it was called ‘‘acid.’’ For subjects T.J. and C.P., 
acid evoked stronger responses than salt on some papillae, 
yet only NaCl provoked the salt-acid confusion; acid was 
rarely called ‘‘salt.’’ On those trials when NaCl was called 
‘‘acid,’’ the magnitude values were within the range used 
with the ‘‘salt’’ response; that is, the subjects were not sim- 
ply calling the stronger sensation ‘‘acid.’’ On the other hand, 
for some papillae, subjects C.G., C.P. and F.R. were almost 
as inclined to call acid ‘‘salt’’ as salt “‘acid.”’ To sum up 
these observations, the salt-acid confusion is a papilla spe- 
cific outcome, not some general property of single papilla 
stimulation with salt and acid. 

Another fact worth noting is that salt-acid confusion can 
exist where there is no “‘stinging’’ sensation to confound the 
experience. Totally, stinging did occur on 20 trials, mostly 
from subject C.G. in the sucrose-acid condition. NaCl 
caused stinging only 3 times, and these responses occurred 
after pre-exposure to acid or sucrose. 

Finally, it is clear from this survey of 12 papillae from 6 
subjects that the individual fungiform papilla can be very 
responsive to NaCl at concentrations considerably lower 
than the very high values commonly used in single papilla 
studies. Further, these papillae typically are quite capable of 
discriminating between equally intense citric acid and NaCl 
stimuli, so that the salt-acid confusion, though real, is not the 
dominant condition. The reason for the relatively low fre- 
quency of confusion reports in this study may have to do 
with the response category chosen—that is, ‘‘acid’’ vs. 
**salt’’ rather than ‘‘sour’’ vs. “‘salty.’’ Logically, it is easier 
to decide that two sensations are merely different than it is to 
decide how they are different. From the subjects’ perspec- 
tive the judgment was whether NaCl was either salt or acid; 
sugar and water were usually excludable by obvious distinc- 
tions and no other categories were available. However, if the 
subject had been required to use the categories ‘‘sour’’ and 
‘*salty,’” which have experiential referants that are atypical 
of single papilla sensations, then the task of deciding whether 
NaCl was more “‘salty’’ than “‘sour’’ would have been more 
complicated (“‘sweet,”’ “‘bitter,’’ and “‘water’’ would be less 
likely alternatives at the higher concentrations of NaCl). 
Other factors in the training, such as using prestimulation 
exposure to water, may have contributed to the ease of ob- 
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taining ‘‘salt’’ reports to NaCl. It is known that water rinsing 
just prior to stimulation decreases sour-salty confusion re- 
ports [5]. 

As has been suggested in the work of others [13,14], addi- 
tion of different populations of NaCl sensitive receptors to 
fungiform receptors may add sufficient information to the 
total input message to make NaCl “‘saltiness’’ distinctively 
different from acid ‘‘sourness.’’ From this present investiga- 
tion, it can be added that the fungiform contribution itself 
toward the salt and acid messages appears to contain suffi- 
cient specificity to differentiate them. To the extent that 
there is salt-acid confusion from fungiform papillae, that con- 
fusion is not affected by manipulation known to change acid 
sensitivity. It is suggested, therefore, that the confusion is 
not the result of inappropriate activity of acid sensitive 
neurons by salt or salt sensitive neurons by acid. As dis- 
cussed above, neither is it the result of generalization from 
stinging sensation nor due to a nonspecific response tend- 
ency of subjects to be ambivalent with small area salt and 
acid stimulation. We are left with the probability that salt- 
acid (‘‘salty’’-‘‘sour’’) confusion results from a relatively 
small set of acid sensitive receptors evoking a pattern of 
activity to acid stimuli that is similar, but not the same, as the 
pattern of activity evoked to salt stimuli by another small set 
of salt sensitive receptors. As the size of the sets are in- 
creased, the difference between neural patterns grows, and 
the perceptual distinctions between salt and acid tastants 
become clear. This explanation is supported by previously 
published results which show that stimulation of 4 to 10 fun- 
giform papillae with moderately strong concentrations of 
NaCl and of citric acid produces taste quality profiles that 
are significantly different [14]. At present, however, there 
are no published data from parametric manipulation of size 
of stimulated set of papillae to directly answer this question. 


ACKNOWLEDGEMENTS 


Many thanks to B.C., S.C., C.G., T.J., C.P. and F.R. for their 
dedicated, tasteful participation. Thanks also to F.H. McCutcheon 
for helpful comments on the manuscript. 


REFERENCES 


. Arvidson, K. and U. Friberg. Human taste: Response and taste 
bud number in fungiform papillae. Science 209: 807-808, 1980. 

. Bealer, S. L. and D. V. Smith. Multiple sensitivity to chemical 
stimuli in single human taste papillae. Physiol Behav 14: 795- 
799, 1975. 

. Bekesy, G. von. Taste theories and the chemical stimulation of 
single papillae. J App! Physiol 21: 1-9, 1966. 

. Cardello, A. V. Chemical stimulation of single human fungiform 
taste papillae: Sensitivity profiles and locus of stimulation. Sen- 
sory Proc 2: 173-190, 1978. 

. Cardello, A. V. Taste quality changes as a function of salt con- 
centration in single human taste papillae. Chem Senses Flavor 
4: 1-13, 1979. 

. Cardello, A. V. Comparison of taste qualities elicited by tactile, 
electrical and chemical stimulation of single human taste papil- 
lae. Percept Psychophys 29: 163-169, 1981. 

. Dzendolet, E. and H. L. Meiselman. Cation and anion contri- 
butions to gustatory quality of simple salts. Percept Psychophys 
2: 601-604, 1967. 


8. Kuznicki, J. T. Taste profiles from single human taste papillae. 
Percept Mot Skills 47: 279-286, 1978. 

9. Kuznicki, J. T. and N. B. McCutcheon. Cross-enhancement of 
the sour taste on single human taste papillae. J Exp Psychol 
[Gen] 108: 68-89, 1979. 

10. McCutcheon, N. B. and J. Saunders. Human taste papilla stimu- 
lation: Stability of quality judgments over time. Science 175: 
214-216, 1972. 

. Parker, G. H. Smell, taste and allied senses in the vertebrates. 
Physiology of Gustation, Chapter VII. Philadelphia: J. B. Lip- 
pincott Company, 1922. 

. Pfaffmann, C. The sense of taste. In: Handbook of Physiology, 
vol 1, edited by J. Field, H. W. Magoun and V. E. Hall. Wash- 
ington, DC: American Physiological Society, 1959. 

. Sandick, B. and A. V. Cardello. Taste profiles from single cir- 
cumvallate papillae: comparison with fungiform profiles: Chem 
Senses 6: 197-214, 1981. 





1088 


14. 


15. 


Sandick, B. and A. V. Cardello. Taste of salts and acids on 
circumvallate papillae and anterior tongue. Chem Senses 8: 
59-69, 1983. 

Sato, M. Response characteristics of taste nerve fibers in 
macaque monkeys: Comparison with those in rats and ham- 
sters. In: Olfaction and Taste, vol V, edited by D. Denton and I. 
Coghlan. New York: Academic Press, 1975, pp. 23-26. 


McCUTCHEON 


16. Schiffman, S. S. and R. P. Erickson. A psychophysical model 
for gustatory quality. Physiol Behav 7: 617-633, 1971. 

17. Smith, D. V. Taste intensity as a function of area and concen- 
tration: Differentiation between compounds. J Exp Psychol 87: 
163-171, 1971. 





Physiology & Behavior, Vol. 36, pp. 1089-1092. Copyright © Pergamon Press Ltd., 1986. Printed in the U.S.A. 


003 1-9384/86 $3.00 + .00 


Learning Ability of Mice Infected With 
Different Strains of Scrapie 


A. JACKIE HUNTER, MALCOLM P. CAULFIELD AND 
RICHARD H. KIMBERLIN* 


Department of Neuropharmacology, Glaxo Group Research Limited, Ware, Herts, SG12 ODJ 
*AFRC & MRC Neuropathogenesis Unit, Edinburgh, EH9 3JF 


Received 8 April 1985 


HUNTER, A. J.,M. PD. CAULFIELD AND R. H. KIMBERLIN. Learning ability of mice infected with different strains of 
scrapie. PHYSIOL BEHAV 36(6) 1089-1092, 1986.—CD-1 mice were infected intraperitoneally with one of 4 different strains 
of scrapie and tested simultaneously at or near the end of incubation. There were no differences between any of the scrapie 
injected groups and controls in spontaneous motor activity, or in the shock thresholds and entry latencies measured during 
training in a one-trial passive avoidance test. On testing, the avoidance responses were normal for the mice infected with 
22C or ME7, but these mice did not show overt clinical signs (e.g., ataxia) at the time. The 139A and 79A infected mice 
were showing clinical signs when tested and impaired responses were found in the mice trained at a low shock threshold. 
However the impairment was completely overcome at a higher shock level. These results suggest that only limited 
reductions in learning ability are associated with some of the shorter incubation models of scrapie. Specific suggestions are 
made of how a learning deficit might be produced in certain scrapie models which could be useful in studies of some aspects 


of dementia. 


Learning Mice Models of dementia 


Scrapie infection 





SCRAPIE is a naturally occurring infection of sheep and 
goats which causes a fatal neurological disease after very 
long incubation periods, often extending to several years [5]. 
The disease is experimentally transmissible to a variety of 
species. Many different models of scrapie have been devel- 
oped in mice which vary according to the strain of scrapie 
agent and the Sinc genotype of mice, Sinc being the gene that 
controls scrapie incubation periods [7]. These models differ 
in the length of incubation period, measured between the 
time of infection and the development of clinical signs, e.g., 
impaired grooming, abnormal posture, ataxia. They also dif- 
fer in the severity and distribution of grey matter vacuolation 
in brain and in other respects, such as the presence or ab- 
sence of cerebral amyloid [2,10]. Several other diseases are 
known to result from infection with scrapie-like agents, in- 
cluding Creutzfeldt-Jakob disease which is a rare form of 
dementia in man. Alzheimer’s disease is the commonest 
human dementia but the cause is unknown [25]. However a 
characteristic feature of Alzheimer’s disease is the occur- 
rence of cerebral amyloid which is also common in scrapie 
produced by some (but not all) strains of agent in specific 
genotypes of mice [2]. These scrapie models are important to 
studies of the pathogenesis of cerebral amyloid [6]. 

We have been interested in the possibility that mouse 
scrapie might also provide useful behavioural models of de- 
mentia. If a slow infection produced chronic progressive 
deficits in learning it would be an important addition to the 
models of acute learning impairment that can be obtained 
pharmacologically [1,3]. 

Several studies have been made of the effects of scrapie 
on murine behaviour [14, 18, 20, 22, 23] but only two have 
investigated learning. The first used a 2-way active 


avoidance test and found that the number of avoidance re- 
sponses was halved in mice that were tested 150 days after 
injecting scrapie intracerebrally [19]. Whether or not the 
mice were showing overt clinical signs of scrapie at this stage 
was not stated but no difference was found at earlier times 
after injection [19]. In the second study, reversal learning, 
passive avoidance and 2-way active avoidance responses 
were tested in mice incubating 139A scrapie after infection 
by the intraperitoneal route [21]. The changes observed 
tended to be small and some data were contradictory, but 
there were indications of a decreased learning ability of 
scrapie infected mice late in incubation [21]. 

We have now studied passive avoidance in mice infected 
with 4 different strains of scrapie selected for their relatively 
short incubation period. The intraperitoneal route of infec- 
tion was used to avoid uncontrolled needle damage to the 
brain and to allow agent to enter the brain via less variable 
and more natural pathways than intracerebral injection (see 


[17}). 


METHOD 


Four strains of scrapie agent were used, ME7, 22C, 79A 
and 139A. Each one had been serially passaged many times 
in mice by preparing 10 percent homogenates in saline of 
whole brains taken from mice with clinical scrapie and using 
these to infect other mice by the intracerebral route of injec- 
tion. The 139A inoculum was prepared from a passage line in 
Compton White mice. All the others were prepared from 
scrapie cases in CS57BL/6J mice. The homogenates were 
stored at — 20°C, a temperature at which scrapie infectivity is 
stable for years [17]. In a preliminary experiment, aliquots of 
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each homogenate were thawed, rehomogenised, diluted 10- 
fold in saline and 0.1 ml volumes injected intraperitoneally 
into female C57BL/6J mice. This was to determine incuba- 
tion periods in advance of the main experiment. Incubation 
periods were calculated to the first of 3 consecutive weekly 
positive scores for clinical scrapie and the mean values for 
groups of 8 animals are shown in Table 1. These values were 
used to calculate suitable inoculation and test dates in an 
attempt to test all groups over the same 3-day period at about 
93-95% of the expected incubation time (Table 1) when most 
animals would still be clinically normal (but see later). 

In the main experiment, a batch of 250 weanling female 
CD-1 mice (Charles River, UK) was randomly distributed, 
10 to a cage, to give 5 groups of 50 mice, which were kept 
under a 12 hr light:12 hr dark illumination cycle with food 
and water ad lib. On the dates shown in Table 1, the 4 scrapie 
groups were injected exactly as described for the preliminary 
experiment using the same 10% homogenates. The fifth, con- 
trol group, received injections of normal CD-1 mouse brain 
in an identical manner. The cages were then coded to con- 
ceal the identity of the 5 main groups. 

On Day 0 of the testing period, each group of 50 mice was 
distributed randomly into 10 cages of 5 mice and the cages 
were coded. Two cages from each group were then tested 
blind by an independent observer, as follows. 

First, the mice were observed individually for signs of 
clinical scrapie, notably, abnormal posture and hind limb 
ataxia. Secondly the spontaneous motor activity of the same 
mice was determined using a 15X9'/4 in. perspex box fitted 
with photocells around the sides. The total number of photo- 
cell interruptions by each mouse was recorded for 5 con- 
secutive 2 min periods. The average number/min was calcu- 
lated and taken as a measure of motor activity. Thirdly, the 
mice were used to determine shock thresholds prior to per- 
forming the passive avoidance tests on other mice. Initially, 
a footshock of 0.5 mA was applied for 1 second. If the mouse 
flinched or squeaked, the shock level was progressively re- 
duced by 0.1 mA intervals until there was no response. The 
lowest value to produce a response was taken to be the 
shock threshold and each mouse was then shocked at 0.1 mA 
above the threshold to confirm that there was a response. 
The median shock threshold for all groups was found to be 
0.3 mA. 

One-trial passive avoidance testing [15] was performed on 
Day 1 using a 32X67 cm avoidance box, with a grid floor, 
and divided by a guillotine door into a closed dark compart- 
ment (10x67 cm) and an open, light compartment. For 
each group, 2 cages of mice were trained with no shock, 3 
cages were trained with low shock (0.45 mA) and 3 cages 
were trained with high shock (0.6 mA). Mice were allowed 10 
seconds to familiarise themselves with the light compart- 
ment. Then the guillotine door was opened and the latency to 
enter the dark compartment was measured. After the mouse 
had entered, the door was shut and the appropriate shock 
level applied (high, low or none). Twenty-four hours later, 
on Day 2, the latency to enter the dark compartment was 
measured up to a maximum time of 120 seconds. Because 
many animals showed a maximum latency of 120 seconds the 
data were not normally distributed and non-parametric tests 
of statistical significance were used. Data for all groups 
within a given shock level were analysed using a Kruskal- 
Wallis analysis of variance. Where this revealed a significant 
effect, the scrapie groups were compared to controls using 
Levy’s multiple comparison test. All other statistical com- 
parisons were made by Student’s f-test. 
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TABLE 1 
DATES WHEN CD-1 MICE WERE INJECTED AND TESTED 





Expected* 

incubation 

period (IP) 
(days + SEM) 


Time of testingt 


Date of 
injection 


Days after % of 


Group injection IP 





Control 8.2.83 —_ 

ME7 11.1.83 233 + 1 93 
ye 8.2.83 202 + 4 94 
7T9A 1.3.83 180 + 2 168 93 
139A 1.3.83 177 + 1 168 95 





*Values are mean incubation periods previously obtained with 
C57BL/6J mice. The same source of inoculum, identically prepared, 
was used in the present experiment with CD-1 mice. 

+Date for Day 0 of the behavioural testing was 16.8.83. 


RESULTS 


It was originally intended that both the preliminary and 
the main experiments be carried out using CS5S7BL mice. 
However, after the preliminary experiment to determine in- 
cubation periods had been set up it was found that learning in 
C57CL mice was too variable. CD-1 mice were chosen as an 
alternative for the main experiment because (a) they behaved 
more uniformly in trial learning tests and (b) they have the 
same Sinc genotype as CS7BL mice and, therefore, similar 
incubation periods were expected. The clinical status of the 
CD-1 mice was assessed at the time of testing to allow for 
incubation periods in CS7CL and CD-1 mice being slightly 
different. 

On Day 0, all 10 of the mice observed in each of the 79A 
and 139A groups showed signs of ataxia and 70-100% also 
had abnormal posture or showed tremors. None of these 
signs was evident in the ME7 or 22C or normal-brain injected 
groups. Mice in the 79A and 139A groups also weighed sig- 
nificantly less than the controls (p<0.05). Hence most of the 
79A and 139A mice were at the end of incubation (i.e., show- 
ing clinical signs) but the ME7 and 22C mice were not. The 
following three results suggest that the appearance of clinical 
signs of scrapie per se did not directly interfere with the 
passive avoidance test. 

First, the spontaneous motor activities of the control, 79A 
and 139A groups were similar: the mean number of cross- 
ings/min+SEM were, respectively, 43.1+5.4, 44.2+2.3 and 
44.5+2.9. The activities of the 22C (31.4+1.6) and ME7 
(31.9+3.5) groups seemed to be lower than the controls but 
the differences were not statistically significant. Secondly, 
the median shock threshold for each of the four scrapie 
groups was the same as for the control group (0.3 mA). Fi- 
nally in the passive avoidance test, there was no difference 
between any group in the entry latencies observed during 
training (Day 1) nor in the entry latencies observed on Day 2 
in the group receiving no shock (Fig. 1). 

Against this background, the impaired response (i.e., 
shorter latencies) observed on Day 2 in the 79A and 139A 
low shock groups would appear to be biologically as well as 
Statistically significant. However this impairment was com- 
pletely overcome at the higher shock level. Also no impair- 
ment was seen in the ME7 and 22C groups although at the 
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FIG. 1. Latencies to enter the dark compartment on Days | and 2. 
Day 1: T=training. Day 2: NO=no shock, LOW=low shock and 
HIGH=high shock. Statistical comparisons were made between 
treatment groups and controls for each shock level. Training laten- 
cies are shown for reference and represent the median value of all 
mice from NO, LOW and HIGH shock groups. (n)=number of 
animals in each group that was tested. *»<0.001, Levy’s multiple 
comparison test. 


time of testing none of these animals was showing any clini- 
cal signs. 


DISCUSSION 


Studies of scrapie in mice show that the concentration of 
agent and the severity of histological lesions in brain increase 
in the later stages of incubation, at least until overt clinical 
signs of scrapie appear [4, 8, 9, 11, 16]. The present work 
aimed at testing passive avoidance behaviour at a time when 
scrapie damage to the central nervous system was high but 
the clinical symptoms were not so severe as to interfere with 
the conduct of the test. The CD-1 mice infected with 22C or 
ME7 scrapie were tested before clinical signs developed and 
unfortunately, exact incubation periods were not deter- 
mined. The failure to detect any learning deficit in these two 
groups could have been because they were tested too early 
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or because the developing damage was in areas of the brain 
unassociated with learning. A near optimum testing time was 
achieved using the 139A and 79A strains of scrapie because 
most animals were at the early clinical stage. These two 
groups of mice did appear to show impaired learning but the 
impairment was mild and was overcome at the higher shock 
level. 

Hence our studies do not provide convincing evidence 
that the short incubation models of scrapie we have tested 
would be useful in studies of dementia. Other tests of learn- 
ing could be considered and, in addition, we recommend two 
new experimental approaches. 

The first arises from the evidence that scrapie replicates 
and produces local damage at the intracerebral injection site 
{12, 13, 17, 26]. We suggest that stereotaxic injections could 
be used to reproducibly introduce scrapie agent into specific 
areas of brain that are relevant to learning and, at the same 
time, minimise behavioural side effects. 

The occurrence of cerebral amyloid is the main link be- 
tween some scrapie models and Alzheimer’s disease [2,6]. 
Despite this fact, there have been no behavioural studies 
using these amyloidogenic models of scrapie, probably be- 
cause of their longer incubation periods compared to the 
commonly used scrapie models studied here and elsewhere 
[19,21]. The second approach is, therefore, to investigate the 
behavioural consequences of cerebral amyloid, again using 
stereotaxic injections of scrapie to target amyloid deposits to 
specific areas of the brain [26]. Since scrapie infection pro- 
vides the only way of experimentally producing cerebral 
amyloid it may also be the only method of directly showing 
whether the processes that lead to the accumulation of 
amyloid in the brain are associated with impaired learning or 
other cognitive functions such as occur in Alzheimer’s dis- 
ease [24]. 
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MURISON, R. AND J. B. OVERMIER. Interactions amongst factors which influence severity of gastric ulceration in 
rats. PHYSIOL BEHAV 36(6) 1093-1097, 1986.—A number of factors have previously been demonstrated to influence the 
severity of stress-induced gastric ulceration in rats, including prior exposure to pre-shock and allowing animals a post- 
stress rest or recovery period. The primary purpose of this experiment was to investigate how one of these factors might 
modulate the expression of the other. Animals were pre-exposed to either signalled or unsignalled shock (using “learned 
helplessness’’ parameters), or no shock. They were later subjected to 2 hours restraint-in-water (immersion) stress, or 
appropriate handling control procedures. Half of the animals were sacrificed immediately on removal from the water- 
restraint, and half were sacrificed after a 2 hour recovery period in their home cages. Analysis of the severity and number of 
glandular stomach lesions indicated that animals subjected to the pre-shock exhibited greater ulceration than unshocked 
animals, as long as no post-stress rest period was allowed. Additionally, the effect of post-stress rest was masked by 
experience with pre-shock. This reciprocal modulation of treatment influences may offer suggestions for understanding 
discrepancies in the literature on the effects of these two modulating variables. 


Gastric ulceration Restraint 
Rest Learned helplessness 


Immersion stress 


Corticosterone 


Pre-shock Post-stress rest 





IN the search for understanding the disease consequences of 
stress, considerable attention has been focused on stress- 
related gastric ulceration in animals [1,17]. A variety of 
models for gastric ulceration in rats have been developed, 
including shock [19], restraint stress [2], supine restraint [5], 
restraint in water or immersion [7], forced running activity 
[14], and the so-called activity stress model [13]. Despite this 
wide range of models, the factors, both psychological and 
physical, which modulate the efficacy for inducing ulceration 
therein, and the interactions between these factors, are 
poorly understood. 

One such factor which influences the severity of 
restraint-induced gastric ulceration is previous exposure of 
the animal to shock. Using the pre-shock parameters of 
Levine et al. [9], by which animals are exposed to a single 
three minute shock daily for five consecutive days, Murison 
and Isaksen ({12], Experiment 1) found an increased ul- 
cerogenic response to later restraint stress in single housed 
rats. As an example of how ulcerative processes might be 
subject to complex interactive processes, the same authors 
{11] reported a reduced ulcerogenic response to restraint 
stress following the same pre-shock procedure using group- 
housed animals, suggesting that the variable of housing 
might interact with previous experience with shock stress. In 
the present study we are concerned with other possible fac- 





tors which might interact with the proactive effects of pre- 
shock in ulcer production. 

The primary purpose of the present experiment was to 
test whether either of two factors which have been previ- 
ously demonstrated to influence gastric ulceration modulates 
the expression of the other. The first of these factors was 
pre-shock. The second factor was post-stress rest. Some 
studies have demonstrated that severity of gastric ulceration 
is exacerbated by allowing animals a rest or recovery period 
following termination of stress exposure, either shock [3] or 
restraint stress [4, 5, 15]. Our main question addresses how 
these two modulatory factors might interact when employed 
simultaneously. 

The exacerbatory effects of pre-shock on ulceration re- 
ferred to above [12] were obtained using parameters of shock 
known to induce long-lasting endocrine and behavioral ef- 
fects [9]. Of interest here is also whether a similar exacerba- 
tory effect would be found employing shock parameters 
known to have long-term effects on neurophysiological and 
associative parameters, the so-called ‘‘learned helplessness” 
phenomenon. We chose to use therefore in the present ex- 
periment shock parameters previously demonstrated to in- 
duce this particular deficit [8]. 

In addition we undertook to investigate whether the pre- 
shock effect would be modified by using signalled shock 


‘Current address: Center for Research in Human Learning, Department of Psychology, University of Minnesota, Minneapolis. 
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rather than the unsignalled shock used previously [12]. Pre- 
dictable or signalled shock has been reported to be less ul- 
cerogenic in itself than unsignalled shock [10,18]. On the 
other hand some have argued that signalled uncontrollable 
shock might be more stressful to the animals than unsig- 
nalled uncontrollable shock as measured by another index of 
stress, adrenocortical activity [16]. It remains unclear how 
predictability of pre-shock might influence its proactive ef- 
fects on restraint ulceration. 


METHOD 
Subjects 


The subjects were $8 male naive Sprague-Dawley rats, 
120 days old, purchased from Mo@llegard, Denmark. Animals 
were housed singly for two weeks prior to the first experi- 
mental manipulations. During this time, the animals were 
housed in temperature (20°C) and humidity regulated animal 
quarters, and were regularly handled and weighed. The 
animals were allocated to one of six experimental groups or 
one of two control groups on the basis of matching for 
weights. The mean of group weights was 469+ 15 g. 


Apparatus 


Preshock apparatus. For the preshock phase of the exper- 
iment, an apparatus was constructed to allow delivery of 
foot-shock in series to 15 animals simultaneously. The appa- 
ratus consisted of 15 chambers, 20 cm long, 6.6 cm wide and 
9 cm high. The top of each chamber was covered by a clear 
acrylic door. The sides and bottoms of each chamber were 
made of two L-shaped pieces of aluminium, the longest arm 
(9 cm) forming the side of the chamber, and the shorter arm 
(2.2 cm) forming part of the floor. The chamber floor was 
thus composed of two aluminium strips separated by 2.2 cm. 
The chamber was mounted 10 cm off the bench, so that the 
animal was forced to sit or stand with two feet on each elec- 
trode. Each electrode was connected in series to one of the 
electrodes in an adjacent chamber. The apparatus was con- 
structed such that a number of animals could receive shock 
simultaneously, while a pre-determined number of animals 
remained unshocked. 

Shock was delivered via a Lafayette Constant Current 
Shocker (58006). Because during any conditioning session, 
the number of animals in the shock chambers could vary, an 
extra 1 megaohm resistor was placed in series between the 
shocker and the shock chambers, to bring the total resistance 
in the shock circuit to 1.45 megaohms minimum. An addi- 
tional resistance of 22 kilohms was added for every rat less 
than 9 being shocked simultaneously. This made the circuit 
essentially a constant current shock source. Current level 
was always set at 1 mA. 

The CS consisted of a 1 kHz tone at 65 dB (measured at 
the top of the shock apparatus) and was generated by a Jos- 
tykit generator and amplifier. The CS was delivered through 
a 120 ohm speaker mounted 1 meter above the shock appara- 
tus. Shock and tone delivery were controlled by Lehigh Val- 
ley Interfaces coupled to a TRS-80 microcomputer. The 
room was dimly illuminated by white light. 

Restraint devices. For restraint, each animal was placed 
in a plastic tube, 17.5 cm long, 6 cm diameter (internal meas- 
urements). Each tube was closed at each end by passing 
through two metal bolts, and was perforated with twelve 8 
mm holes. Each tube was hung vertically in a 201 tank of 
water at 19°C with 14 cm of the tube under water so that the 
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FIG. 1. Mean cumulative length of gastric ulceration (+s.e.m.) in 
mm for each of the 6 Experimental and 2 Control groups. 


animal’s head was well above the surface of the water. The 
animals had the possibility of some movement within the 
tube and also to bite the securing bolts. Because the tubes 
were suspended by freely swivelling hooks, it was also 
possible for the animals to rotate and move the tubes to a 
limited extent within the water by gross body movements. 


Procedures 


The six experimental groups were given different treat- 
ments in the Preshock and/or Rest phases of the experiment, 
and the labelling of the groups reflects these treatment com- 
binations: CS Only/No Rest, CS+/No Rest, CS Only/Rest, 
CS+/Rest, TRC/No Rest and TRC/Rest, where CS Only re- 
fers to stimulus presentation without shock, CS+ refers to 
signalled shock and TRC refers to random signal/shock pre- 
sentation. 

On the first experimental day, all animals were moved 
from the animal quarters to the main laboratory area. 
Animals of the 6 experimental groups were pre-exposed to 
the shock apparatus for 1 hour without any CS or shock 
delivery, as were also the animals of the Pre-shock Only 
control group (n=8). Handling/Sampling control group (n=8) 
animals were removed from and then returned to their home 
cages. The same procedure was followed on the second day, 
except that the pre-exposure period was lengthened to 2 
hours. 

On the third day, all animals were again brought to the 
laboratory area for the pre-shock session. Before being 
placed in the shock apparatus, blood samples were drawn 
from all animals in all groups. 

On this and all other blood sampling occasions, blood was 
drawn from the exposed jugular vein under ether anesthesia, 
within 3 minutes of the animal being removed from its home 
cage or the apparatus. Approximately 0.8 ml blood was col- 
lected into a heparinized syringe, centrifuged for 25 minutes, 
and the plasma frozen. Samples were later analysed 
fluorometrically for corticosterone [6]. 

After blood sampling on this third day, animals of two of 
the experimental groups, CS+/No Rest (n=8) and CS+/Rest 
(n=7), were exposed to 80 tone-shock pairings. The CS- 
onset to CS-onset interval varied randomly between 55 and 
155 seconds. The CS was delivered for 15 seconds and ter- 
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FIG. 2. Mean number of gastric ulcerations (+s.e.m.) for each of the 
6 Experimental and 2 Control groups. 
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minated at the start of the 5 second shock delivery. Animals 
of the CS Only/No Rest (n=8) and CS Only/Rest (n=7) ex- 
perimental groups were exposed to 80 presentations of the 
CS but no shock was delivered to these animals. Animals of 
the experimental groups TRC/No Rest (n=4) and TRC/Rest 
(n=8), and the Pre-shock Only control group (n=8) were 
presented with 80 shocks unsignalled by CS presentation, 
although 80 CS presentations were delivered throughout the 
session in a truly random fashion. The Handling/Sampling 
control group were handled and sampled exactly as all other 
groups, except that they were replaced in their home cages. 

After 80 tone-shock pairings, or the equivalent number of 
shocks and/or tones, animals were removed from the appara- 
tus and their blood sampled once more: the Handling/Sam- 
pling Control animals which had not been in the shock appara- 
tus were also sampled at matched points in time. The animals 
were then returned to their home cages, now emptied of 
bedding material, and were deprived of food. Water contin- 
ued to be freely available. Animals remained deprived of 
food for the remainder of the experiment. 

Forty-five hours later, animals of the six experimental 
groups (CS Only/No Rest, CS Only/Rest, CS+/No Rest, 
CS+/Rest, TRC/No Rest and TRC/Rest) were subjected to 
the water restraint stress. Animals were placed in the re- 
straint tubes under light ether anesthesia, and restrained in 
water as described above under dim illumination for 2 hours. 
During this time, the animals did not have access to food or 
water. After 2 hours, all animals were removed, and blood 
samples were drawn from animals of the CS Only/No Rest, 
CS+/No Rest, TRC/No Rest experimental groups, and the 
Pre-shock Only control group. These animals were then sac- 
rificed and their stomachs assessed for gastric ulceration (see 
below). Animals of the CS Only/Rest, CS+/Rest and 
TRC/Rest experimental groups and the Handling/Sampling 
control group were returned to their empty home cages for a 
further 2 hours before blood samples were taken and the 
animals sacrificed. 

To assess the degree of gastric ulceration, the stomachs 
were removed and everted. The assessment of each stomach 
was made by an experienced investigator who was blind as 
to which group the animal came from. Visual examination 
was made using a magnifying lens, and scores were made of 
the number and length of any gastric erosions. 


RESULTS 


The primary data are the extents of gastric ulcerations 
observed in the eight groups. Secondary data come from the 
plasma corticosterone levels found across the different 
phases of the experiment. 

Gastric ulceration. All ulcerations were found in the 
glandular portion of the stomachs and were typically marked 
by coagulated blood. For each subject in each group, (a) the 
sum of the lengths of ulcerations and (b) the number of ul- 
cerations were determined. The means of the several groups 
appeared to differ both with respect to the lengths of ulcera- 
tion (Fig. 1) and numbers of ulcerations (Fig. 2), with the six 
groups exposed to the immersion stress showing more and 
larger ulcerations than the two control groups. Additionally, 
the pattern of results within the Post-stressor Rest and No 
Rest conditions also appeared to differ. 

The ulceration data were analysed using a 2 (No Rest vs. 
Post-stress Rest) x 3 (No Pre-shock vs. Signalled vs. Unsig- 
nalled Pre-shocks) factorial analysis plus two control groups 
following the general method of Winer ({20], pp. 468-473). 

Raw data for the cumulative length of ulceration were 
heterogenous (Fmax=47.3, p<0.01) and were therefore 
transformed using a square root transformation of the 
lengths of ulceration: this effectively homogenised the vari- 
ances (Fmax=6.6) to permit the ANOVA. The ANOVA 
confirmed that the two control groups, which did not differ 
from each other (F<1), did differ from the experimental 
groups, F(1,50)=95.15, p<0.001. The analysis also con- 
firmed that the conditions of Rest interacted with the pattern 
of between group differences. Interaction F(2,50)=5.43, 
p<0.01. Follow-up contrasts detected the source of this in- 
teraction: while the CS+ and TRC groups did not differ sig- 
nificantly from each other in either the No Rest condition, 
t(50)= 1.28, nor the Post-stressor Rest condition, <1, the CS 
Only group differed from the pre-shocked (CS+ and TRC) 
groups in the No Rest condition, 7(50)=4.06, p<0.01, but not 
in the Post-stressor Rest condition, <1. Additionally, the 
CS Only groups differed across the rest conditions, 
1(50)=2.96, p<0.01, while neither the CS+, 1<, nor the TRC 
groups, 1(50)=1.71, did. 

An identical picture emerged also after analysis of the 
number of gastric ulcerations found in each animal in each 
group. The raw data were again heterogenous. Fmax= 103.1, 
p<0.01, and were subjected to a square root transformation 
which effectively homogenised the variances, Fmax=3.36. 
Using the same form of analysis as described above, the 
ANOVA showed that the two control groups did not differ 
from each other (F<1) but did differ from the experimental 
groups, F(1,50)=137.8, p<0.001. As found with extent of 
ulceration, this analysis also showed that the conditions of 
Rest interacted with the pattern of between group differ- 
ences, F(2,50)=3.23, p<0.05. Follow-up contrasts indicated 
that while the CS+ and TRC groups did not differ from each 
other in either the No Rest condition, (50)=1.04, nor in the 
Post-stressor rest condition, t<1, the CS Only group differed 
from the pre-shocked (CS+ and TRC) groups in the No Rest 
condition, 1(50)=3.61, p<0.01, but not in the Post-stressor 
Rest condition, <1. Additionally, the CS Only groups dif- 
fered across the rest conditions, 1(50)=2.72, p<0.01, while 
neither the CS+, <1, nor the TRC groups, 1(50)=1.20, did. 

Corticosterone. The corticosterone data are in two sets. 
The first set contains plasma corticosterone levels measured 
following the treatment phase in which some groups were 
exposed to electric shock. The second set contains cortico- 





TABLE 1 


PLASMA CORTICOSTERONE LEVELS (mcg% AND s.e.m.) POST- 
SHOCK 
FOR THE THREE EXPERIMENTAL CONDITIONS AND TWO 
CONTROL CONDITIONS 





Plasma 
Corticosterone 


Condition and s.e.m. 





CS Only 13.4 (1.54) 
CS+ 26.5 (3.14) 
TRC 27.4 (2.74) 
Pre-Shock Control 34.1 (3.46) 
Handling/Sampling Control 19.6 (3.52) 





sterone levels measured following the phase in which some 
groups (the experimental groups) experienced the stress of 
restraint and partial immersion in water. 

The post-shock corticosterone levels were analysed in a 
one-way ANOVA over five treatment conditions (Table 1), 
the three experimental conditions of No Pre-shock (CS 
Only), the Pre-shocked groups of CS+ and TRC, and the two 
Control conditions (the experimental groups from the two 
Rest conditions did not yet differ in treatments received at 
this stage). This ANOVA indicated significant differences 
among the five conditions, F(4,54)=6.18, p<0.01. Among 
the experimental groups, the TRC group mean was not sig- 
nificantly greater than the CS+ group level, <1, but these 
pre-shocked group levels were substantially elevated above 
those of the Unshocked CS Only group, #(54)=3.88, p<0.01. 
Similarly , the Shock Control group level exceeded that of the 
Handling Only control group, 1(54)=2.71, p<0.01. 

The plasma corticosterone levels following the final phase 
in which only the experimental groups were exposed to the 
immersion stress followed by rest or not were analysed ac- 
cording to the 2x3 factorial plus 2 control groups design 
described for the ulcer data (Table 2). This ANOVA indi- 
cated that the control groups did not differ from each other, 
F<1, but the control group levels did differ from the experi- 
mental group mean levels, F(1,50)=95.15, p<0.001. Among 
the experimental groups in the factorial component, there 
were no significant effects of rest condition, F<1, prior 
shock condition, F<1, nor was there a significant interaction 
between them, F<1. 


DISCUSSION 


Pre-shock administered according to the learned 
helplessness induction parameters proactively increased gas- 
tric ulceration induced by the final stressor episode of im- 
mersion in water under conditions of no post-stressor rest. 
This confirms previous findings [12] that exposure of single- 
housed animals to pre-shock has an exacerbatory effect on 
later restraint-induced ulceration. However, preshock did 
not have this effect under conditions of post-stressor rest. 
This interaction means that post-stressor rest modulates the 
expression of pre-shock induced ulcerogenic processes. 

Similarly the data reveal that post-stress increases the 
severity of ulceration in animals that only experience the 
single final stressor episode of water immersion, confirming 
earlier reports (4, 5, 15]. However, post-stress rest does not 
increase ulceration in rats that have had prior exposure to a 
stressor (here pre-shock) before the final stressor episode. 
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TABLE 2 


PLASMA CORTICOSTERONE LEVELS (mcg% AND s.e.m.) FOR THE 
SIX EXPERIMENTAL GROUPS EXPOSED TO IMMERSION STRESS 
AND THE TWO CONTROL GROUPS 





No Rest 


Rest Condition Condition 





CS Only 44.6 (1.71) 
CS+ 50.7 (1.91) 
TRC 51.9 (2.05) 


13.6 (3.19) 


49.5 (0.92) 
48.8 (1.74) 
49.3 (0.54) 


Handling/Sampling 
Control 


Pre-Shock Control 27.1 (5.32) 





This implies that pre-shock treatment modulates the effect of 
post-stressor rest in the production of ulceration. 

Such reciprocal modulation or masking of treatment in- 
fluences suggests why some studies might detect the effect of 
a given treatment while an apparently similar study fails to 
do so and, thus, may account for some of the disparate pat- 
terns of results reported in the literature. Although not signif- 
icant, trends towards a similar interaction appeared also in 
the final corticosterone data. The present demonstration 
should, in any case, serve as an alert to researchers in this 
field. 

We did not find any statistically significant evidence that 
signalled and unsignalled uncontrollable shock differed in 
their proactive effects (although there was such a trend in the 
No Rest Condition) despite others’ suggestive data and 
arguments concerning the immediate stressfulness of such 
shocks [10,18]. The apparent trend of the unsignalled shock 
to induce greater ulceration than signalled shock in the No 
Rest condition was not significant but was certainly direc- 
tionally opposite to that suggested by Weinberg and Levine 
[16]. 

In sum, the present experiment demonstrated again that 
prior exposure to electric shocks can proactively augment 
the ulcerative effects of a final restraint-based stressor and 
that such proactive effects of shocks are not limited to the 
single parametric conditions for which these had been previ- 
ously demonstrated. The present experiment also demon- 
strated that post-stressor rest can augment the ulcerogenic 
effects of a stressor episode. Importantly, this experiment 
demonstrates that these two ulcerogenic factors of pre-shock 
and post-stressor rest interact in a reciprocally masking fash- 
ion rather than the synergistic fashion that one might have 
expected. The mechanisms underlying these two effects and 
their interactions are not known, but the reciprocal nature of 
their interaction demonstrated here markedly limits the class 
of explanations that may be employed to account for each. 
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REFINETTI, R. AND H. J. CARLISLE. Effects of anterior and posterior hypothalamic temperature changes on ther- 
moregulation in the rat. PHYSIOL BEHAV 36(6) 1099-1103, 1986.—Metabolic heat production and operant thermoregulatory 
behavior were studied in rats with thermodes implanted into the anterior and posterior hypothalamus. Metabolism was 
found to be inversely related to anterior hypothalamic temperature (between 32 and 42°C) and not related to posterior 
hypothalamic temperature. Behavior, on the other hand, was found to be inversely related to both anterior and posterior 
hypothalamic temperature. Therefore, temperature changes in the anterior hypothalamus affect both autonomic and 
behavioral thermoregulation, whereas temperature changes in the posterior hypothalamus affect only behavioral ther- 


moregulation. 
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THE question of differentiation of thermoregulatory function 
within the hypothalamus was raised by Meyer in 1913 [18]. He 
proposed that thermoregulation depended upon two distinct 
centers involving thermogenic (i.e., heat-producing) and 
thermolytic (i.e., heat-dissipating) functions. Lesion studies 
of hypothalamic areas [15,29] eventually confirmed the hy- 
pothesis and showed that the anterior hypothalamus was in- 
volved in heat dissipation, while the posterior hypothalamus 
was involved in heat production and conservation. Later, 
however, studies involving the thermode technique showed 
that both thermogenic and thermolytic responses could be 
elicited by cooling and heating the anterior hypothalamus 
alone. This was found to be true for both autonomic [10, 12, 
14] and behavioral [5,22] responses. Although local ther- 
mosensitivity need not be accompanied by integrative capa- 
bility, the dual sensitivity of the anterior hypothalamus was 
taken as evidence against Meyer’s hypothesis [4]. Because 
further lesion studies confirmed the inference that the 
anterior hypothalamus can work as an integrative center for 
both heat gain and heat loss [6, 16, 25, 26], and because 
thermode studies failed to show a posterior hypothalamic 
thermal sensitivity comparable to that of the anterior hypo- 
thalamus (3, 9, 10, 12, 17, 20], interest in the posterior hypo- 
thalamus appeared to decline. 

The fact that electrophysiological recordings in the 
posterior hypothalamus reveal some local thermosensitivity 
to thermal stimuli [7, 19, 30] led to renewed interest in this 
area. Eventually, it was found that, although autonomic re- 
sponses cennot be evoked by posterior hypothalamic stimu- 





lation, behavioral responses can [24]. Thus, Roberts 
and Mooney [21] evoked grooming in rats by radio- 
frequency heating of the posterior hypothalamus, while 
Adair [1] showed a change in operant responses of squirrel 
monkeys by hypothalamic warming and cooling. Unfortu- 
nately, Roberts and Mooney did not test brain cooling and 
did not implant thermal sensors in order to measure the 
magnitude of the thermal stimulus. In Adair’s study, the 
classical effects of anterior hypothalamic stimulation on me- 
tabolism and evaporative heat loss were not observed; 
changes in body temperature were used as an index of the 
effect of thermal stimulation on autonomic responsiveness. 
Therefore, a reassessment of the subject seemed warranted. 
We studied the effect of anterior and posterior hypothalamic 
thermal stimulation on metabolism and operant behavior in 
rats. 


METHOD 


Nine male hooded rats (400-500 g) housed individually at 
25°C and fed Purina rat chow and water ad lib were used as 
subjects. At least a week before the first session each animal 
had a set of thermodes implanted unilaterally in the brain 
under Nembutal anesthesia (60 mg/kg). This set consisted of 
two thermodes, each provided with a microthermistor (Vic- 
tory Engineering 32A7) at the tip. One thermode was im- 
planted into the anterior hypothalamus or preoptic area (0 
AP, 0.5 L, 8.0 V) and the other into the posterior hypothala- 
mus (—4.0 AP, 0.5 L, 8.5 V). The thermode design was an 
adaptation of the Heller-Hammel thermode [13]. In brief, 
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FIG. 1. The effect of a change in temperature of one of the brain 
sites (active temperature) on the temperature of the other brain site 
located 4 mm away (passive temperature). The curve was fit by the 
least-squares method (slope=0.17; r=0.94). The average brain tem- 
perature before perfusion was 37.5°C. Different symbols, in this and 
the following figures, indicate different animals. Data from five 
animals are shown. 


each thermode was composed of an outer stainless-steel tube 
(1 mm o.d.) and an inner catheter (0.4 mm o.d.), both bonded 
to a Plexiglas circulator that rested on the cranium when the 
thermodes were implanted. The distance (center-to-center) 
between the anterior and posterior thermodes was 4 mm. 
Winchester sockets (SMRE-4) were bonded on top of the 
Plexiglas circulators and provided connection of the thermis- 
tors to Wheatstone bridges during the sessions. 

All animals were tested during the light phase of an LD 
12:12 cycle. Before the experimental sessions proper, two or 
three 2-hr adaptation sessions and three training sessions in 
the behavioral apparatus were conducted. The experimental 
chamber was similar to that used by Schmidt [27]. In brief, 
the animals were tested inside a Plexiglas tube (7.5x22 cm) 
with perforated walls to allow for unrestricted air movement 
(approximately 40% of the tube surface was perforated). A 
harness allowed the rats to move backward and forward but 
not to turn around. A microswitch was positioned behind a 
Plexiglas rectangular key (3.54.5 cm) located on the front 
wall. The tube was exposed laterally to a continuous cold air 
stream (5+1°C, 1 m/sec) which was replaced by a warm air 
stream (35+1°C, 1 m/sec) for 10 sec when the animal de- 
pressed the key with either the nose or a paw. Two fans 
located behind radiators perfused with water at constant 
temperatures provided the cold and warm air streams, which 
reached the animal through a common final duct. A force of 
approximately 0.2 N was necessary to depress the key. 

Oxygen consumption measurements were conducted in a 
thermostatically controlled room at 15+1°C. The front wall 
of the perforated tube was replaced by a perforated wall and 
the tube was inserted into another Plexiglas tube (9.5 24.5 
cm) from which air was drawn at 3 l/min to an oxygen 
analyzer (Beckman OM-11). This outer tube had only two 
apertures: one at the center of the front wall (1 cm diameter), 
to which the air-collecting hose was attached, and the other 
at the rear wall (9 cm diameter). Air flow was measured with 
a dry gas volume meter (American Singer). Heat production 
(W/kg) was calculated from oxygen consumption (STPD) as- 
suming a mixed-diet respiratory quotient of 0.82. The 
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FIG. 2. Metabolic heat production as a function of anterior and 
posterior hypothalamic temperature. Baseline heat production 
(100%): 8.2 W/kg. Baseline brain temperature: 37.7°C. Ambient 
temperature: 15°C. The lines were fit by the least-squares method. 
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animals were not food deprived before either the metabolism 
or behavioral sessions. 

In addition to oxygen consumption or behavior (number 
of rewards), colonic temperature (6 cm deep) and anterior 
and posterior hypothalamic temperatures were recorded 
continuously on a chart recorder (Gould 2400). During the 
brain stimulation periods, the thermodes were perfused with 
water at different temperatures at the rate of 10 ml/min for 10 
min. Perfusions were not initiated until steady colonic tem- 
perature was observed (typically, 30-60 min). Six perfusions 
were conducted in a standard session, the interval between 
them being dependent on the recovery time of colonic tem- 
perature (usually less than 15 min) and the attainment of a 
steady response level to serve as baseline for the next perfu- 
sion period (usually 10 min). The values of heat production 
and number of rewards obtained during perfusion were re- 
calculated as percentages of the baseline values recorded in 
the 10 min preceding each perfusion period. This transfor- 
mation in the data was carried out to provide a common 
baseline against which the effects of brain stimulation could 
be evaluated. 

At the completion of the study, the rats were given a 
lethal dose of Nembutal and perfused through the aorta with 
0.9% NaCl followed by 10% formalin. The brains were re- 
moved and fixed in 10% formalin. Frozen sections were cut 
at 40 wm, and every fifth section through the thermode tracts 
was retained for staining with cresyl violet. 

The statistical analysis consisted of calculations of linear 
regressions and tests of significance for slopes [2] and corre- 
lation coefficients [8]. 


RESULTS 


Figure 1 shows that alterations of brain temperature 
produced by one of the thermodes always had a small effect 
on brain temperature at the other thermode. Each point in 
this figure refers to one 10 min period of perfusion during 
studies of either behavioral or autonomic responses. The 
highest temperature observed at the passive thermode during 
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FIG. 3. Number of rewards as a function of anterior and posterior 
hypothalamic temperature. Baseline reward rate (100%): 2.5 re- 
wards/min. Baseline brain temperature: 37.2°C. Ambient tempera- 
ture: 5°C. The lines were fit by the least-squares method. 


perfusion is plotted as a function of temperature at the ther- 
mode being perfused. The changes in temperature at the 
brain site not actively stimulated exceeded 1°C only for the 
most extreme displacements of the active thermode. As will 
be apparent below, these small temperature changes will re- 
sult in some thermal stimulation at the passive site but will 
not bias the overall result of anterior versus posterior hypo- 


thalamic stimulation. 

The effect of brain temperature on metabolic heat pro- 
duction and behavior for five animals with histologically 
verified thermode placements in the anterior and posterior 
hypothalamus is shown in Figs. 2 and 3, respectively. All 
values are reported as percentage of baseline. Mean heat 
production in the baseline periods was 8.2 W/kg. Displace- 
ments of anterior hypothalamic temperature (T ,,,) influenced 
heat production while displacements of posterior hypotha- 
lamic temperature (Tp) did not. Mean number of rewards in 
the baseline periods was 2.5 per minute. Displacements of 
either T,,, or Tp, influenced the number of rewards obtained. 

An index of average sensitivity was calculated by linear 
regression analysis. Regarding metabolic responses (Fig. 2), 
the anterior hypothalamus shows sensitivity to brain tem- 
perature displacement (slope=—12.1; r=—0.81) but the 
posterior hypothalamus does not (slope=—0.4; r=—0.09). 
The two slopes and the two correlation coefficients are 
statistically different, 1(59)=5.99; p<0.001, and x7(1)= 14.38; 
p<0.001, respectively. Regarding behavioral responses (Fig. 
3), the sensitivities of the anterior hypothalamus 
(slope=—9.8; r=—0.80) and posterior hypothalamus 
(slope=—7.0; r=—0.76) are nearly the same. Indeed, the two 
slopes and the two correlation coefficients are not statisti- 
cally different, 1(60)=1.13; p>0.05, and x*(1)=0.15; p>0.05. 
All of these slopes refer to percentages as a function of brain 
temperature. In absolute terms, these relations mean that 
heat production changes approximately 1 W/kg per 1°C dis- 
placement of T,, but only 0.05 W/kg per 1°C displacement of 
Tpy. The changes in behavior are comparable for displace- 
ments of either T,, or Tpy (approximately 0.2 rewards/min 
per 1°C displacement). 
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The effects of T,,, displacement on behavior and metabo- 
lism were of the same order of magnitude since the correla- 
tions between these variables and T,, as a percentage of 
baseline did not differ statistically from one another, 
x*(1)=0.01; p>0.05. Behavior and metabolism were different 
with respect to Tp, since the correlations between these var- 
iables as a percentage of baseline and T,, displacement dif- 
fered significantly, y7(1)= 10.53; p<0.002. 

The data on colonic temperature (T,) are in accordance 
with those on metabolism and behavior. Colonic tempera- 
ture changed in the opposite direction to the imposed change 
in brain temperature when the anterior hypothalamus was 
stimulated or when the posterior hypothalamus was stimu- 
lated during behavioral tests but not during metabolism tests. 
The change in colonic temperature, derived from regression 
analysis during displacements of T,,, or Tpy, was 0.06 and 
0.05°C per 1°C imposed change in T,, or Tpy, respectively, 
during behavioral tests. For metabolism tests, the values 
were 0.09 and 0.01°C per 1°C displacement of T,, and Tpy, 
respectively. Thus, T. changed very little during thermal 
stimulation of the posterior hypothalamus in metabolism 
tests but more so in behavioral tests. In contrast, T. was 
influenced by T,, displacement in both behavioral and 
metabolic tests. 

There was virtually no difference between Tp, and Ty, 
during baseline conditions, and both of these temperatures 
exceeded colonic temperature by 0.2°C. Brain temperature 
was slightly (0.5°C) but consistently lower during behavioral 
tests at 5°C than during metabolism tests at 15°C. This can be 
seen in Figs. 2 and 3, where brain temperature at 100% re- 
sponse is lower during behavioral tests (Fig. 3) than during 
metabolism tests (Fig. 2, left). The regression lines for T,,, or 
Tp» during behavioral tests intersect the baseline fairly close 
to the measured temperature of 37.2°C, but the line relating 
Tan and metabolism intersects 100% at a value higher than 
the measured temperature of 37.7°C. This latter effect is due 
primarily to the influence of cooling, since plotting separate 
regression lines for warming and cooling yields regression 
lines which cross baseline at 38.0°C (slope= —9.8) for warm- 
ing and 40.4°C (slope=—8.6) for cooling. The correlation 
coefficient for goodness of fit is higher for the single regres- 
sion line shown in Fig. 2, r=—0.81; p<0.001, than for two 
separate lines. 

Three of the nine implanted rats did not meet the criterion 
of demonstrating changes in metabolism in response to T,y, 
alterations, and were not studied further. The rostral ther- 
modes in these animals were located at the crossing of the 
anterior commissure in an anterior-posterior plane, but did 
not extend ventrally below the septal area. In the other six 
animals, the thermode tip was located in the medial preoptic 
area ventral to the anterior commissure or just caudal to the 
crossing of the anterior commissure in the anterior hypothal- 
amus, and 1.0 to 1.5 mm above the optic chiasma. The 
posterior thermodes were located at the level of the mammil- 
lary bodies and centered around the region between the for- 
nix and the mammillothalamic tract. All placements were 
approximately 1.0—-1.5 mm lateral to the midline. Rat C1 was 
not included in the data analysis as its implant dislodged 
before all tests were completed. 


DISCUSSION 


The results confirm the previous finding that thermal 
stimulation of the posterior hypothalamic area does not 
evoke autonomic thermoregulatory responses [1, 3, 9, 12, 17, 
20] but does affect behavioral thermoregulation [1,21]. Our 
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data are also in accordance with the observations that ther- 
mal stimulation of the anterior hypothalamic area affects 
both autonomic [10, 12, 14] and behavioral [5,22] tempera- 
ture regulation. 

The occurrence of thermal contamination of one brain 
area by temperature changes in the other (Fig. 1) does not 
bias the general conclusion above. Indeed, the fact that 
posterior hypothalamic stimulation affected behavior but did 
not affect metabolism is a strong indication that thermal con- 
tamination did not produce substantial effects. Displacement 
of one brain area temperature would be expected to produce 
no more than a 5-10% change in response as a result of 
thermal contamination of the passive site during extreme 
displacements (see Figs. 2 and 3). Therefore, the very slight 
thermal sensitivity of the posterior hypothalamus during me- 
tabolism tests (0.05 W/kg per 1°C displacement) could be 
accounted for by passive temperature changes within the 
anterior hypothalamus. Similarly, some fraction of the effect 
attributed to sensitivity of the posterior hypothalamus during 
behavioral tests could be due to passive spread of thermal 
stimulation to the anterior hypothalamus, but this fraction 
would not be expected to exceed 5—10% of the total effect. 
The high sensitivity of the posterior hypothalamus during 
behavioral tests (Fig. 3) would require in addition an effec- 
tive local thermosensitivity. 

The effects of brain temperature on the responses were all 
found to be statistically indistinguishable from each other, 
except for the statistically insignificant effect of Tp, on me- 
tabolism. That is, the correlation coefficients between T,,, 
and behavior, between Tp, and behavior, and between T,,, 
and metabolism were all statistically equivalent. In a similar 
study on squirrel monkeys [1], the slope for the relationship 
between T),, and behavior was found to be slightly smaller 
than that for the relationship between T,,, and behavior, but 


statistical analyses were not reported. The similarity of the 
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effects of T,,, on behavior and metabolism seen in our results 
could be a consequence of specific experimental conditions. 
Metabolism was studied at 15°C in order to obtain a baseline 
metabolism high enough to be decreased by brain warming 
but at the same time low enough to be increased by brain 
cooling, whereas behavior was studied at 5°C in order to 
obtain a similarly flexible baseline response rate. This differ- 
ence in ambient temperature may have affected the slopes of 
the lines obtained in our study. 

In conclusion, the thermoregulatory system seems to 
employ a larger hypothalamic area for behavioral than for 
autonomic responses. The primary thermosensitive brain 
site for autonomic responses in mammals is the preoptic and 
anterior hypothalamic area (POAH). Although behavioral 
responses can be elicited by local POAH heating or cooling 
[5,22], lesions fail to disrupt thermoregulatory behavior 
[6,25]. It would thus appear that such responses could be 
mediated by the posterior hypothalamus (PH) in the absence 
of the POAH. The effects of POAH and PH thermal stimula- 
tion on behavioral responses have the same general mag- 
nitude (Fig. 3), which further implies an independent and 
equal integrative function. It is not clear whether the source 
of inputs into the POAH and PH are identical, but the persis- 
tence of integrated behavioral responses after POAH lesions 
implies a separate PH innervation .ndependent of the POAH. 
This interpretation is consistent with the theory of multiple 
integrators fed by particular sensors [23]. The concept of a 
single central integrator of thermal information [11] would 
require at least some redundant thermal information as well 
as multiple loci. Theoretical orientation notwithstanding, the 
mechanisms of integration of information coming from the 
anterior and posterior hypothalamic sensors with the infor- 
mation coming from other deep-body and skin thermal sen- 
sors in order to produce integrated responses remains to be 
determined [28]. 
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ANDRIANOPOULOS, G., C. T. BOMBECK AND L. M. NYHUS. Influence of maturation on activity-stress related 
pathology in the rat colon. PHYSIOL BEHAV 36(6) 1105-1110, 1986.—In the rat, activity-stress (A-S) treatment was related 
to varying degrees of inflammation, goblet depletion, and erosion of the mucosal wall. Young (aged twenty-eight days), and 
mature (aged seventy days), rats did not differ significantly in terms of overall thinning of the colon wall, however the 
incidence of hematuria, hemorrhage at fecal bolus sites, mucosal hyperemia and interstitial compression of the mucosal 
wall was greater for younger animals. These findings suggest that A-S produces both more severe and more acute colonic 
pathology in young animals. The use of the A-S paradigm as an appropriate route for inducing psychological stress is 
discussed in terms of its capacity to evoke a somatic stress response as indicated by stereotypical alterations of structure 
and function of the gastrointestinal and thymicolymphatic system. 


Activity-stress Colon Inflammation Age 





INFLAMMATION and ulceration of the colonic mucosa 
have been induced in a variety of animal species by bacterial 
and chemical toxic agents [5]. Most of these studies were 
designed for reproduction of key pathologic features typi- 
cally found in human ulcerative colitis [10]. As a result of this 
limited scope, stress has been excluded as a possible route 
for induction of colonic pathology. Cress and Wilcott [2] 
reported that the activity-stress (A-S) procedure will 
produce a reduction in the overall thickness of parts of the 
colon in rats. The unique combination of physical and behav- 
ioral components in the A-S paradigm appeared to result in 
abnormalities of the colon wall similar to those reported by 
others utilizing more direct methods, such as intracolonic 
acid infusion [4]. This research was intended to further 
assess the effect of A-S on the rat colon. Two experiments 
are reported. 


EXPERIMENT | 
The purpose of this experiment was to describe more 
fully, and to quantify where possible, the effects of the A-S 
procedure on the rat colon. 
METHOD 
Animals and Apparatus 


Fifty-one male Holtzman rats, weighing 150-225 g at the 





beginning of the experiment were randomly assigned to an 
experimental group (N=17) and to two control groups 
(N=17 each). Control rats were individually housed in 
standard laboratory cages. Experimental rats were individ- 
ually housed in activity wheels (Wahman Manufacturing 
Co.). Each activity wheel consisted of a wire mesh drum 10.5 
cm in width and 33 cm in diameter that was attached to an 
adjoining rectangular cage measuring 32 12.516 cm. A 
sliding door separated the rectangular cage from the adjoin- 
ing wheel. A counter was mounted on each cage for record- 
ing of revolutions. 


A-S Procedures 


Experimental group subjects were treated according to 
the A-S procedure described previously [2]. Briefly, follow- 
ing a five day habituation period during which the animal was 
housed in the rectangular chamber of the activity wheel with 
food and water constantly available, all food was removed 
and access to the wheel allowed. A one hour a day feeding 
period was then implemented until the end of the experi- 
ment. Criteria for sacrificing an animal were the same as the 
earlier study [2]. An animal was sacrificed when reductions 
in activity were accompanied by decreases in both body 
weight and food intake. Each animal was sacrificed with a 
lethal dose of pentobarbital sodium (Nembutal) injection, 
and the stomach and colon were immediately removed. 


!This report is part of a doctoral dissertation submitted to the Department of Psychology, Case Western Reserve University. | am indebted 


to my advisor, R. C. Wilcott. 
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TABLE 1 


EFFECTS OF ACTIVITY-STRESS 





Variable 


Experimental 
Group 
(N=17)* 


Control 
Group 
(N=34)*7 





Days to Criteria 


Number of Rats with 


Number of Rats with 


Fecal Bolus site 
Hyperemia 


Hematuria 


Mean Total Colon 


Width (x) 


Mean Mucosal 


Width (x) 


Mean Submucosal 


Width (x) 


1.85 


5.74 + 1.6% 
1.30 + 0.914 


0.96 + 0.64 


7.50 + 1.25 
0 
0 
14.60 + 1.5¢ 
10.10 + 1.0¢ 


3.72 + 1.2¢ 





*Standard deviation is given where mean is listed. 
*Two control groups were combined. 
tDifferences between groups were significant, p<0.01. 


TABLE 2 


AGE FACTOR IN EFFECTS OF ACTIVITY-STRESS 





Young Groups* 


Experimental 
(N=9) 


Control 
(N=9) 


Mature Groups* 


Experimental 


(N=9) 


Control 
(N=9) 





Mean Days 
to Criteria 
Mean Colon 
Length (cm) 
Mean Total 
Colon Width 
(yu) 
Mean 
Mucosal 
Width (yu) 
Mean Sub- 
mucosal 
Width (x) 
Number of 
Rats with 
Hemorrhagic 
Bolus Sites 
Number of 
Rats with 
Hematuria 


2.96 + 1.87 
17.25 + 1.187 


3.83 + 1.704 


1.62 + 0.334 


2.14 + 1.30 


2.96 


19.03 + 1.83 


11.40 + 1.844 


8.33 + 1.104 


3.29 + 0.72 


12.67 


+ 4.67 


1.577 


0.64¢ 


+ 0.29% 


12.67 
23.75 + 2.33 


11.60 + 2.03% 


8.14 + 2.06¢ 


3.32 + 0.74 





*Standard deviation is given where mean is listed. 
+Difference between means of young and mature experimental groups was significant, 


p<0.01. 


tDifference between means of the young experimental groups and control group, and differ- 


ences between mature experimental groups and control group were significant, p<0.01 for all 
measurements in both cases. 





ACTIVITY-STRESS AND COLONIC PATHOLOGY 


FIG. 1. Cross-section of a control (upper), and experimental (lower) rat’s colon, taken at 6 cm proximal to the anal ridge. Abnormal 
alterations in the number and appearance of goblet cells contributed to an overall depth reduction of the colon wall (x 10). 


The two control groups were treated differently. With the 
first control group the amount eaten by an experimental 
animal was determined and given to its paired control the 
following day. Therefore for this control group the experi- 
ment proceeded with a one day delay period. The second 
control group received food during the same hour as the 
experimental group thus maintaining identical feeding 
periods but without control of the amount consumed. An 
additional five untreated rats in standard housing with food 
and water ad lib were examined for comparison with con- 
trols. When criteria for sacrificing were met for an experi- 
mental animal its paired control was also sacrificed on the 
same day or a day later as appropriate, and the stomach and 
colon removed. 


Physiological Procedures 


These procedures were the same for both experimental 
and control rats. The stomach was opened along the greater 


curvature and rinsed with normal saline. The colon was 
opened along the antimesenteric border and treated simi- 
larly. Each organ was inspected for gross pathology. The 
number, location and size of gastric ulcerations were re- 
corded. The colon was transilluminated and the amount of 
light transmitted was estimated visually to determine the lo- 
cation and size of thinned areas of the wall. Colonic length 
and greatest width was then measured. A segment of colon 
between 4 to 12 cm from the anal ridge was excised and 
prepared for sectioning. Specimens were fixed in 10% neu- 
tral buffered formalin. After fixation, sections were em- 
bedded in O.C.T. compound (Fisher Scientific), frozen in 
liquid nitrogen, sectioned (5 to 8 yw) and stained with 
hematoxylin-eosin. Sections were examined by a pathologist 
who was unaware which sections were from experimental or 
control rats. The thickness of the colon wall was measured 
using a graduated microscope stage. Thickness of the mu- 
cosa and submucosa were measured for each animal, except 
in cases where the normal three layer colonic architecture 
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was obliterated. For the latter total thickness alone was 
measured. Differences between groups were assessed by 
t-tests. 


RESULTS 
Control Groups 


There were no apparent differences between the two con- 
trol groups, or between controls and untreated rats in either 
gross, or microscopic appearance of tissue. Data from the 
two control groups were therefore combined, and presented 
in Table 1. 

For these rats fecal boluses were well formed, coated 
with mucous (shiny) and elongated in shape. There were no 
areas of hemorrhage or thinning in any segment of the colon 
and the stomach was free of ulceration. 

The most characteristic feature of the control rat colon in 
cross section is the uneven appearance of the lumen (Fig. 1). 
Intestinal glands, containing numerous mucous secreting 
goblet cells, were typically arranged in a uniform columnar 
architecture. The lamina propria contained a sparse popula- 
tion of diffusely distributed normal lymphocytes. 


Experimental Groups 


Data are also presented in Table 1. Immediately prior to 
sacrificing rats appeared hypoactive with a notable absence 
in grooming behavior. Fecal boluses were hard, dry, round 
and lacked the mucous coating of the controls. Distally lo- 
cated fecal bolus sites appeared erythematous and the mu- 
cosa was visibly thinned and extremely friable. Prolonged 
formalin storage seemed to remove the thinned, stretched 
appearance of fecal mucosal bolus sites possibly due to tis- 
sue shrinkage. Proximally located fecal bolus sites were simi- 
larly thinned but not hemorrhagic. The areas of mucosal 
erosion were ill defined, with no apparent pattern or shape. 
Hematuria was also observed in the majority of these rats. 

Cross sections of the colon of experimental rats revealed 
a smooth, even lumen, with shallow or no glandular crypts. 
Lining cells were small and round and lacked columnar ar- 
rangement. Goblet cells were also depleted, leading to a sig- 
nificant reduction of mucosal and total colon width as com- 
pared to control rats. Submucosal width was not related to 
treatment. Large numbers of polymorphonuclear cells were 
present in the mucosal layer. Focal areas of lymphocyte 
aggregation alternated with areas of normalcy that still con- 
tained high numbers of lymphocytes and macrophages. 
Thinning of the colon wall occurred exclusively in the de- 
scending (left) segment. Mucosal hyperemia was an in- 
frequent finding among experimental animals, that was not 
seen among the controls. Hematuria was observed in the 
majority of experimental animals but not in any of the con- 
trols. 


EXPERIMENT 2 


Young rats are reportedly more susceptible to A-S in- 
duced gastric ulceration than mature rats [8]. The role of age 
in susceptibility to A-S related thinning of the colon wall was 
investigated in this experiment. 


FACING PAGE 


METHOD 


Animals 


Male Holtzman rats were used throughout. Eighteen 
young (28 days of age, mean weight of 98.5 g) and eighteen 
mature rats (70 days of age mean weight of 325.0 g) were 
used. 


Procedures 


All procedures, including data analysis, were the same as 
in experiment 1. 


RESULTS 
Gross Observations 


Data are presented in Table 2. The duration of exposure 
to the A-S procedure necessary to reach criteria for sacrific- 
ing was significantly shorter for young than the mature ex- 
perimental groups. 

Colon length was not significantly different between ex- 
perimental and control groups, but was significantly related 
to the age of the animal. Hemorrhage of fecal sites, or 
mucosal hyperemia of fecal bolus sites, occurred more fre- 
quently in young experimental rats, and was seen exclu- 
sively in the left colon. Proximally located fecal sites in these 
young animals appeared normal. Hematuria was more fre- 
quently observed among young experimental rats and this 
difference was significant. 


Microscopic Observations 


These data are also presented in Table 2. Reductions in 
mucosal and total colon thickness were significantly related 
to the A-S treatment. Both young and mature experimental 
groups revealed significantly thinner total colon and mucosal 
thickness than their controls. Age was not a significant factor 
in terms of total colon, or mucosal and submucosal width as 
a result of A-S treatment. Total colon, mucosal and sub- 
mucosal width did not differ between the young and mature 
controls. 

Goblet cell alterations for both experimental groups were 
the same as experiment |. Young experimental rats revealed 
more pronounced distention of mucosal capillaries, with 
greater reductions in interstitial space than mature experi- 
mental rats. This suggests more intracellular fluid reduction, 
overall cellular compression, and vascular dilatation and 
congestion among young experimental rats. Sections of 
hemorrhagic fecal bolus sites (Fig. 2), revealed congestion of 
mucosal vessels, loss of interstitial spaces, irregularly 
shaped epithelial cells, and sloughing of the epithelium. Both 
experimental groups revealed lymphocyte aggregates be- 
tween the mucosal and muscular layers, which infiltrated to 
the surface of the mucosa, and toward the basement mem- 
branes. Whether these lymphocyte formations have 
pathologic significance, or constitute normal Peyer’s patches 
remains unclear. However diffuse inflammation, with high 
numbers of small polymorphonuclear leucocytes throughout 
the colon wall, was more typical of mature, than young ex- 
perimental rats. 


FIG. 2. Gross appearance of heperemic bolus sites of a young experimental rat (upper scale in cm). Focal aggregation of erythrocytes, 
lymphocytes and leucocytes can be observed in a cross section through a bolus site (x24, lower). 





GENERAL DISCUSSION 


Results from experiment 1 confirm that the A-S proce- 
dure is related to thinning and inflammation in the mucosal 
wall of the rat colon. In experiment 2 the effects of A-S seem 
more severe for younger than mature animals in terms of 
both duration of A-S treatment necessary for behavioral 
signs of pathology, and the type of pathologic alterations 
produced. Hemorrhage of bolus sites, hyperemia and vascu- 
lar congestion was seen more frequently in young animals. 
Mature animals were characterized by loss of mucosal thick- 
ness, large numbers of small polymorphonuclear leucocytes 
and greatly reduced goblet cells. Pathologic alterations in the 
colon of young and mature experimental rats, were similar in 
that relative reductions in total colon and mucosal thickness 
were approximately the same for both age groups. However, 
these alterations are established at a much faster rate in 
younger rats. The increased incidence of fecal bolus site 
mucosal hyperemia, hematuria and vascular congestion may 
indicate greater susceptibility to A-S associated pathology in 
young rats. 

A-S is therefore linked to pathologic transformations in 
the colon and, in other studies, the stomach and lymphatic 
system [3, 8, 9]. The mechanisms through which A-S 
produces these changes is unclear. Insofar as gastrointestinal 
ulceration is part of the stereotypical response to chronic 
stress exposure, these findings of colonic pathology could be 
viewed as integral parts of a stress evoked syndrome that is 
triggered by A-S. However the precise mediating mech- 
anisms leading to this pathology remain speculative. Chronic 
stress exposure has been associated with ischemia. Reduced 
blood flow to the G.I. tract has been associated with mucosal 
friability and increased susceptibility to mechanical injury 
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from normally innocuous fecal residue. The hard, dry fecal 
boluses found in the distal segment in the colon of experi- 
mental animals could produce injury in the form of erosions 
and hemorrhaging of fecal bolus sites (Fig. 2). The overall 
outcome of A-S treatment is reportedly a state of catabolism 
due to an energy input vs. expenditure imbalance, (e.g., high 
urea and B.U.N. levels 10), and immunodeficiency due to 
triggering of the adrenohypophyseal stress axis, (e.g., 
thymicolymphatic involution, adrenal enlargement), all po- 
tential modulators of the immune response [1]. These factors 
may combine with other variables such as stress induced 
immunodeficiency to cause the colonic abnormalities. The 
source of hematuria remains unclear, although physical ex- 
ertion by itself or in combination with partial food depriva- 
tion is a frequent cause for hematuria in humans. 

It appears that A-S treatment is associated with abnormal 
alterations of the colonic mucosa in the rat that resemble 
those in ulcerative colitis (e.g., goblet cell depletion or re- 
duction, and mucosal thinning and hyperemia). The latency 
period for development of these abnormalities is lower for 
young animals. Clear clinical signs of ulcerative colitis such 
as hematochesia, were not observed in these studies. It ap- 
pears likely that an increase in duration of stress exposure 
may be necessary in order to produce more clinical features 
of the disease. Subjecting animals to intermittent stress, so 
that standard home housing conditions follow periods of A-S 
is one method of ensuring long term survival. This may pro- 
vide an opportunity for chronic stress observations in the 
G.I. tract. Provided that such manipulations lead to in- 
creased pathophysiology in the colon, the use of the A-S 
model in its present or intermittent format described above 
cannot be excluded as a model demonstrating the influence 
of stress on the G.I. tract. 
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CASSONE, V. M., M. J. CHESWORTH AND S. M. ARMSTRONG. Entrainment of rat circadian rhythms by daily 
injection of melatonin depends upon the hypothalamic suprachiasmatic nuclei. PHYSIOL BEHAV 36(6) 1111-1121, 
1986.—Although pinealectomy has little effect on the generation of circadian rhythmicity by mammals, daily injections of 
the pineal hormone melatonin entrain free-running rats [30]. The present study was designed to determine if known 
components of mammalian circadian organization were necessary for melatonin entrainment. Rats received either lesions 
to the suprachiasmatic nuclei (SCN), sham-lesions or neurotoxic lesions to brain catecholamines or serotonin. They were 
then allowed to free-run in constant dim red light (DD) before each received daily injections of either | mg/kg melatonin or 
ethanol:saline vehicle for 90 days. They were allowed to free-run for 30 days afterwards. Rats which received sham-lesions 
or neurotoxic lesions entrained to melatonin injections but not to vehicle. Rats which received complete SCN lesions were 
unaffected by melatonin or vehicle. These data suggest that the behavioral effects of melatonin, like those on reproduction 
in seasonally breeding mammals, depend upon an intact circadian system and the SCN. 
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IN contrast to the situation in other vertebrate classes, the 
mammalian pineal does not appear to participate in the gen- 
eration of circadian rhythmicity. Pinealectomy has little ef- 
fect on free-running locomotor rhythms [3, 11, 20, 29, 31], 
has no effect on period or on the phasic responses to discrete 
pulses or light [3]. Some effects, however, of pinealectomy 
and of the pineal hormone melatonin on behavioral 
rhythmicity have been reported. Pinealectomized rats and 
hamsters phase-shift in response to large changes in photo- 
period more rapidly than do intact control animals [11, 29, 
32]. Chronic infusion of melatonin, furthermore, in the 
nine-banded armadillo, Dasypus novemcinctus, alters the 
period (7) of the circadian cycle [17]. Finally, daily injections 
of melatonin into free-running rats entrain the rats to the 
24-hour period of the injection regime [30]. 

The generation of circadian rhythmicity by mammals is 
controlled primarily by the hypothalamic suprachiasmatic 
nuclei (SCN), and the known effects of the pineal and 
melatonin on other mammalian functions such as reproduc- 
tion are mediated via the SCN [23, 34. 40]. Lesions to the 
SCN abolish circadian rhythms in rodents and primates [23, 
24, 36], and the SCN of several species of mammal exhibit 
circadian rhythms of metabolic [35] and electrical [18] activ- 





ity. Lesions to the SCN, furthermore, prevent the effects of 
photoperiod, pinealectomy and exogenous melatonin on re- 
productive cycles in seasonally breeding rodents [5, 32, 33], 
and the effects of melatonin on reproduction in the white- 
footed mouse, Peromyscus leucopus, are most efficaci- 
ous when administered intracerebrally to the SCN region 
[16]. These data and others suggest that the SCN are major 
circadian oscillators in the mammalian circadian system and 
are at least one major site of pineal melatonin action [4, 6, 27]. 

To determine possible sites of action for the entraining 
properties of melatonin, we have studied the effects of daily 
melatonin administration in rats which received lesions to the 
SCN. The effects of melatonin were further studied in rats 
which received neurotoxic lesions to catecholaminergic and 
serotonergic pathways using 6-hydroxydopamine and 5,7- 
dihydroxytryptamine respectively since melatonin is known 
to affect these monoamines in hypothalamus and retina [2, 8, 
9, 15, 39]. 


METHOD 
Chemicals 
Dopamine-HCl 


(DA), 5,7-dihydroxytryptamine-HBr 


‘Current address: Department of Neurology, Health Science Center, State University of New York, Stony Brook, NY 11794. 
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FIG. 1. Continuous records of drinking behavior of sham 





MELATONIN ENTRAINMENT OF CIRCADIAN RHYTHMS 


2400 0600 


1800 


1200 


4. 


4 


4 


2400 0600 
; 


1800 








ew wn sew 


LD 14:10 




















RAT 9 (drinking) 


king) 


in 


RAT 7 (dr 


a 
io) 
E 
— 
= 
3g 
a. 
3 
k- 
i) 
=| 
o 
< 
2 
a] 
an 
S 
2 
a» 
2 
J 
Z 
Y 
7) 
= 
e 
° 
2 
3 
= 
— 
> 
| 
vo 
x 
eo 
i) 
g 
< 
2g 
= 
3 
n 
é 
9 


-lesione 


king records of SCN 


n 


FIG. 2. 


tivity (not shown). No effect of vehicle could be determined with the exception of injection- 


associated bursts of activity. Conventions as in Fig. 1. 


-running ac 


drinking and wheel 





1114 


(DHT), 6-hydroxydopamine-HBr (6Q0HDA), melatonin, nor- 
epinephrine-HCl (NE), and serotonin-HCl (SHT) were pur- 
chased from Sigma Chemical Supply. 


Animals 


Adult male Long-Evans hooded rats (N=30) were main- 
tained in individual cages supplied with running wheels in a 
light-tight room at a constant temperature of 21°+1°C. The 
clock-controlled lighting regime was 14L:10D where light in- 
tensity during the L phase was 250-300 Ix and during the D 
phase was a dim red light of 0.1 lx (lights on 0600 EST; lights 
off 2000 EST). Food (Clark-King GR02) and water were 
available ad lib. 


Surgeries 


SCN lesions were performed on 13 animals. Animals 
were anaesthetized with 60 mg/kg sodium pentobarbitone 
(Sagital) and placed on a C. H. Stoelting small animal 
stereotaxic instrument. Rats’ skulls were oriented in a hori- 
zontal position, and after appropriate surgical preparation, 
bilateral holes were drilled 1.3 mm behind bregma. A 
radiofrequency, temperature-controlled electrode (Radion- 
ics Model K1388Z) was lowered to the level of one SCN 
according to co-ordinates derived from Paxinos and Wat- 
son [28] (—1.3 mm AP, —9.5 mm DV and +0.3 mm ML 
relative to bregma). Radiofrequency lesions were delivered 
to this region using a Radionics Model RFG-4 lesion 
generator by elevating local temperature to 55°C for 1 min. 
This procedure was repeated on the contralateral side. 
Animals were sutured closed, returned to their cages and 
allowed to recover on the LD cycle. In addition to these 
experimental lesions, sham-lesions were performed on 5 
animals by lowering the electrode to the prescribed co- 
ordinates without elevating local temperature. These animals 
were otherwise treated exactly as above. 

Neurotoxic lesions were delivered to 12 animals; 6 re- 
ceived intracerebral injections of 200 1g 6OHDA in 20 yl 0.1 
M ascorbate, and 6 received 200 wg of DHT in the same 
vehicle. Animals were anaesthetized as described above, 
placed in the stereotaxic instrument and had bilateral holes 
in the skull drilled. A 20 ul Hamilton syringe was lowered 
into the lateral ventricle (—0.8 mm AP, —3.5 mm DV and 
+1.5 mm ML relative to bregma). Each side received 10 pl 
of 0.1 M ascorbate containing 100 zg neurotoxin by injection 
over 1 min. Animals were then replaced in their cages as 
above. 


Experimental Procedure 


After animals had recovered in LD, all were placed in 
constant dim red light (0.1 Ix; DD) for 14 days. At that point 7 
SCN-lesioned, 2 sham-lesioned, 5 60HDA lesioned and 5 
DHT-lesioned rats received subcutaneous injections of 1 
mg/kg melatonin in 1% ethanol:saline every day at 1000 EST 
for 90 consecutive days. All other animals received 
ethanol:saline vehicle for the same period. Injections were 
performed by manually transporting the rats closer to the 
dim red light source (0.5 Ix on the table surface) and injecting 
between the scapulae. The entire procedure for all rats lasted 
15-20 min/day. After 90 days of injections, rats were allowed 
to free-run in DD for an additional 30 days. 


Data Acquisition and Analysis 


Wheel-running activity and licking of water spouts were 
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simultaneously monitored and sampled every 15 min by a 
real-time data acquisition and control computer (DEC 11/23). 
Data were saved, compiled and plotted to simulate acto- 
grams generated by paper event recorders [12,13]. These 
records (Figs. 1-5) were analyzed visually for circadian 
periodicities, entrainment or synchronization by the 
melatonin regime. Where circadian periodicities were dis- 
cerned, the periods (7) were calculated by drawing an eyefit- 
ted line on the activity and drinking onsets for a period of 10 
days. 

Data were further reduced by periodogram analysis 
[12,14]. Data from (1) 10 days prior to the melatonin injection 
regime, (2) during the last 10 days of the injection regime and 
(3) during the last 10 days of the experiment wer analyzed for 
trial periods ranging from 0.5 hours to 30.0 hours at 15 min 
increments. Significance of periodicities were tested at the 
95% and 99% confidence levels. 


Histological Verifications of SCN Lesions 


Animals were anaesthetized as above and perfused trans- 
cardially with isotonic saline (60 ml) and then 10% phosphate 
buffered formalin (60 ml). Brains were removed and post- 
fixed for 3 days. They were then transferred to 15% sucrose 
in 0.1 M phosphate buffer (pH 6.4) and stored at 4°C until 
sectioned (2-3 days). Brains were coronally sectioned (30 
um) through the rostrocaudal extent of the hypothalamus on 
a freezing microtome, and every 4th section was mounted on 
subbed slides. Sections were cleared and stained with cresyl 
violet, and the extent of the lesions was analyzed microscop- 
ically. 


Biochemical Verification of Neurotoxic Lesions 


Brains of 60HDA-lesioned, DHT-lesioned and 5 control 
animals kept under identical conditions (but from which no 
behavioral data were collected) were rapidly removed after 
decapitation. Whole brains were placed in homogenizing 
tubes containing 2 ml 0.1 M perchloric acid. 4 4M sodium 
metabisulfite and 250 ng dihydroxybenzylamine. Brains 
were homogenized and centrifuged at 15000 x g at 4°C for 30 
minutes. Supernatant was then decanted from the pellet, and 
100 ul was removed for analysis of serotonin (SHT) content. 
This aliquant was injected into a Waters Model 410 high 
performance liquid chromatographer with electrochemical 
detection (HPLC-EC), and brain SHT was measured using 
the method of Kempf and Mandel [19]. Another 2 ml of the 
supernatant was then processed for brain catecholamine 
content according to the method of Anderson et al. [1] and 
the processed eluate was analyzed by a Bioanalytical Sys- 
tems Model LC-4 HPLC-EC. Data was compared statisti- 
cally by one-way analysis of variance and F-test (ANOVA). 


RESULTS 
Effects of Lesions to the SCN 


Sham-lesions did not abolish circadian rhythmicity in LD 
or DD (Fig. 1). The mean circadian period in DD for these 
animals was 24.17+0.008 hours. In 12 of 13 SCN-lesioned 
rats daily (in LD) and circadian (in DD) rhythmicities were 
abolished. Visual inspection of the records (Figs. 2, 3) re- 
vealed activity and drinking evenly distributed across the 
24-hour period. Periodogram analyses of these records be- 
fore the beginning of the injection regime confirmed the 
abolition of circadian rhythmicity, although ultradian 
periodicities persisted. One animal (No. 4, Fig. 4A) did not 
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FIG 4. Drinking records of rats which received partial lesions to the SCN and received 1 mg/kg melatonin in ethanol:saline 
vehicle. A. Lesion failed to abolish rhythmicity or entrainment to the melatonin regime. B. Lesion abolished circadian 
rhythmicity but did not completely block synchronization to melatonin; some 24-hour periodicities are discernable in both the 


record and periodogram analysis. Conventions as in Fig. 1. 
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become arrhythmic, although an increase in activity during 
subjective day was observed. Periodogram analysis of data 
from this animal indicated a significant peak at 24 hr at the 
99% level (Q=0.4115). Visual analysis of this animal’s record 
indicated that r=24.16 hours. 


Effects of Neurotoxic Lesions 


Neither 60HDA nor DHT injections abolished circadian 
rhythmicity. Animals which received 60HDA free-ran in DD 
with a circadian period of 24.18+0.03 hours (Fig. 5A). 
Animals which received DHT free-ran in DD with a circa- 
dian period of 24.08+0.07 hours (Fig. 5B,C). One of these 
animals free-ran with an unusually short period of 23.95 
hours (Fig. 5C). The mean periods of these two groups were 
not significantly different from each other nor were they dif- 
ferent from the periods of animals which received sham 
SCN-lesions when compared by ANOVA. 


Effects of Daily Injection of Melatonin 


Sham-lesioned rats which received melatonin entrained to 
the period of the injection regime (Fig. 1A). Entrainment was 
phase-dependent in that there was no effect of the melatonin 
regime until activity onset free-ran to coincide with the time 
of injection. Injection of vehicle had no such effect; rats 
free-ran through the injection regime, although an injection- 
associated burst of activity was always observed (Fig. 1B). 
When entrained rats were allowed again to free-run, the 
phases of the free-running rhythm were related to the phase of 
injection (Fig. 1A). 

SCN-lesioned rats receiving vehicle continued to be ar- 
rhythmic both by visual inspection of the data and by 
periodogram analysis (Fig. 2). Again, an injection-associated 
burst of activity was observed in some animals which lasted 
only as long as the injection procedure. 

Melatonin injections had no effect on 5 of 7 SCN-lesioned 
rats receiving melatonin. Neither visual inspection of the 
records nor periodogram analysis revealed synchronization, 
entrainment or other effects of the injection regime with the 
exception of injection-associated bursts of activity as above 
(Fig. 3). After the injection regime was concluded, rats con- 
tinued to be arrhythmic. In 2 of the 7 SCN-lesioned rats, 
however, some synchronization was observed (Fig. 4). One 
rat, No. 4, which did not become arrhythmic after lesion, 
entrained to the melatonin regime, as in sham-lesioned rats, 
when activity onset coincided with the injections (Fig. 4A). 
This animal, however, as can be determined from the record, 
began to free-run 10 days before the injection regime had 
concluded. Second, one rat, No. 6, whose record appeared 
arrhythmic before the melatonin regine had begun and whose 
periodogram analysis revealed no circadian peaks, partially 
synchronized activity and drinking during the injection re- 
gime (Fig. 4B). Visual inspection of the record revealed a 
quiescent period of up to 3 hours which anticipates the daily 
injection. Periodogram analysis, furthermore, revealed sig- 
nificant peaks at 24 hours at the 95% but not at the 99% 
confidence level (Q=0.3532). This animal became ar- 
rhythmic eventually when the melatonin regime was con- 
cluded. 

All but one rat which received either 6(OHDA or DHT 
entrained to the melatonin regime exactly as had sham- 
lesioned rats and the one SCN-lesioned rat which entrained 
to melatonin. That is, when activity onsets coincided with 
the injections, both 60HDA-lesioned and DHT-lesioned 
animals entrained (Fig. 5A,B). One animal No. 27, which 


free-ran with a short period either did not entrain or 
entrained with a large phase-angle for a period of 30 days 
before free-running continued (Fig. 5C). It is not known if 
this animal entrained or whether the animal coincidentally 
expressed a 24-hour free-running period during the injection 
regime. 


Histological Verification of SCN Lesions 


Microscopic analysis of SCN-lesions revealed that 10 of 
13 lesioned rats suffered complete damage to the SCN (Fig. 
6A,B). Other areas which received damage included the 
medial preoptic area, the medial aspects of the anterior hy- 
pothalamic nuclei and the rostromedial aspects of the ven- 
tromedial nuclei. In 2 animals, the optic chiasma were also 
destroyed. In 3 animals, some SCN tissue was identifiable in 
the sections. One animal, No. 4, whose record is shown in 
Fig. 4A, has intact SCN in rostral aspects of the hypothala- 
mus (Fig. 6C), and received damage only to the caudal 1/3 of 
the SCN, the retrochiasmatic area and the anterior hypotha- 
lamic nuclei. Two rats, No. 5 and No. 6, suffered complete 
damage to one SCN but still had disrupted but intact neurons 
in the contralateral SCN (Fig. 6D). 


Biochemical Verification of Neurotoxic Lesions 


The results of the biochemical data are summarized in 
Table 1. First, 6{OHDA lesions resulted in a 67% depletion of 
brain NE (p<0.001), but only a 24% depletion of DA 
(p <0.05). One rat of these, however, No. 25, had completely 
normal NE and DA levels. No statistically significant deple- 
tion of brain SHT could be determined. DHT lesions resulted 
in a 45% depletion of brain SHT (p<0.01), a 37% depletion of 
brain NE (p<0.01) and a 20% increase in brain DA (p<0.05). 


DISCUSSION 


Vertebrate circadian systems are composed of multiple 
oscillatory and photoreceptive components. These include 
to varying degrees, the hypothalamic SCN, the eyes, the 
pineal and associated structures and deep diencephalic 
extra-retinal photoreceptors [7, 21, 22, 32, 37]. In mammals, 
this system has been simplified during evolution to include 
primarily the SCN, the eyes and the retinohypothalamic 
tract (RHT) connecting them [23, 26, 34, 40]. The effects of 
lesions to the SCN are well established and discussed above 
[24,36], and the evidence that the mammalian SCN are 
**master’’ circadian oscillators in the mammalian circadian 
system is strong [21, 23, 34]. No evidence for extraretinal 
photoreception in a mammalian species has been demon- 
strated [38] nor has a dependence upon pineal rhythmicity 
been shown for mammalian circadian rhythms [3, 11, 20, 29, 
31). 

Vestiges of some pineal involvement in mammalian cir- 
cadian rhythmicity nonetheless remain to a limited extent. 
Pinealectomy of rats [11,29] and hamsters [32] affects the 
rates of re-entrainment during large shifts of photoperiod. 
Free-running rats, furthermore, can be entrained to daily 
injections of melatonin [30]. Recent work in our laboratory 
has shown that rats made arrhythmic or whose circadian 
rhythms had been disrupted in constant light (LL) can be 
synchronized by daily injections of melatonin as well [10]. 
This synchronization, moreover, organizes a free-running 
circadian rhythm when animals are returned to LL in the 
absence of melatonin. These data suggest that, although the 
mammalian pineal does not appear to be integrally involved 
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FIG. 6. Histological examination of SCN-region of lesioned rats. Sections were made coronally (30 um), cleared and stained with cresyl! 
violet. A. Complete lesion of rat No. 2 (Fig. 3A). B. Complete lesion of Rat No. 9 (Fig. 2B). C. Intact SCN of rat No. 4 (Fig. 4A) whose lesion 
was incomplete and caudal to the SCN. D. Incomplete lesion of rat No. 6 (Fig. 4B) which became arrhythmic but showed limited 
synchronization during the melatonin regime. Marker bars=300 um. 





TABLE 1 


EFFECTS OF NEUROTOXIC LESIONS ON BRAIN MONOAMINE 
CONTENT (ng/mg TISSUE + S.E.) 





Mono- 


amine Control 60HDA DHT 





norepi- 1.459 + 0.115 0.478 + 0.0697 0.925 + 0.0277 
nephrine 

dopa- 
mine 

sero- 0.454 + 0.062 


tonin 


0.914 + 0.052 0.695 + 0.0517 1.151 + 0.022* 


0.399 + 0.013 0.256 + 0.0097 





*p<0.05 Compared to control values. 
+p<0.01 Compared to control values. 
$p<0.001 Compared to control values. 


in the generation of circadian rhythms, the rat circadian sys- 
tem at least is sensitive to the pineal hormone melatonin. 

The data presented in this report suggests that this sen- 
sitivity depends upon the SCN. Rats which received com- 
plete lesions to the SCN were incapable of synchronizing to 
the 24-hour period of the injection regime. This inability is 
not likely to be due to the presence or absence of circadian 
rhythmicity per se, since (1) animals made arrhythmic with 
LL are synchronized by the regime [10] and (2) animals which 
received only partial lesions, one of which did become ar- 
rhythmic, synchronized to melatonin injections. 

Melatonin is known to affect hypothalamic and retinal DA 
release [15,39] and to increase 5HT content and metabolism 
{2, 8, 9] in several species of mammals and birds; these ef- 
fects have been proposed as possible routes of pineal influ- 
ence on brain and behavior [7,39]. The data concerning 
neurotoxic lesions reported here are inconclusive in this re- 
gard since neither 6OHDA nor DHT completely depleted 
catecholamine and/or indoleamine stores (Table 1). It cannot 
be ascertained whether the failure of these neurotoxic le- 
sions to block melatonin entrainment is due to (1) the 
possibility that the entraining effects of melatonin are not 
mediated by either catecholaminergic or indoleaminergic 
pathways, (2) the possibility that the remaining 
monoaminergic complement was sufficient to mediate 
entrainment to these large (1 mg/kg) doses of melatonin or (3) 
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the probability that reinnervation of monoaminergic path- 
ways during the 100 days after intracerebral injection oc- 
curred before the melatonin regime. The fact that DA levels 
were actually increased by previous DHT treatment suggests 
some such plasticity. The data nonetheless provide strong 
control evidence; that is, whereas lesions to the SCN 
blocked entrainment, neurotoxic lesions which depleted the 
brain of 67% NE, 24% DA and 45% SHT failed to do so. 

Together, these data suggest that the rat pineal not only 
depends upon the SCN for its rhythmicity [25] but that the 
effects of melatonin, a pineal hormone, in the entrainment of 
rat circadian rhythms also depend upon them either as 
targets of action, as has been suggested by binding studies 
[6,27], and/or as integrators of pineal information. Other 
known effects of melatonin have also been shown to depend 
upon the mammalian SCN, including stimulatory and inhibi- 
tory roles in reproduction [5,33]. 

The more generalized circadian systems of non- 
mammalian vertebrates, particularly those of birds, depend 
upon the interactions of several major oscillatory and photo- 
receptive components [7, 32, 37]. These include not only the 
SCN, the eyes and the RHT connecting them but also the 
pineal and deep diencephalic photoreceptors. The pineals of 
all birds and reptiles studied contain circadian oscillators and 
photoreceptors capable of producing circadian rhythms of 
melatonin in vitro [21,22], and the surgical removal of the 
pineal abolishes circadian rhythmicity in several species [21, 
32, 37]. These observations and others have suggested that 
the avian circadian system, at least, is a neuroendocrine loop 
between circadian oscillators in the SCN, active during the 
day, and those within the pineal, secreting melatonin during 
the night [7]. The data presented here suggest that, although 
the mammalian pineal has lost its ability to oscillate in vitro, 
it may feed back upon the SCN in an homologous loop. The 
extent of this relationship and whether this situation occurs 
at more physiological doses of melatonin certainly requires 
serious consideration. 
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RETTIG, R., M. A. GEYER AND M. P. PRINTZ. Cardiovascular concomitants of tactile and acoustic startle responses 
in spontaneously hypertensive and normotensive rats. PHYSIOL BEHAV 36(6) 1123-1128, 1986.—In the present study we 
have simultaneously investigated cardiovascular and behavioral responses to repeated tactile and acoustic stimulation in 
adult, male, spontaneously hypertensive rats (SHR) and normotensive Wistar-Kyoto rats (WKY). Blood pressure and 
heart rate responses were increased in SHR vs. WKY rats following both types of stimuli. The pressor responses, but not 
the tachycardic responses, habituated with repeated stimulation in both strains and with both stimulus modalities. The rates 
of habituation were not significantly different between the two strains. Magnitudes of the behavioral startle responses were 
significantly elevated in SHR vs. WKY rats with tactile, but not with acoustic stimulation. No significant differences were 
found between the two strains with respect to the latency, with which the startle responses occurred. These data indicate 
that SHR as compared to WKY rats respond to repeated stimulation with two different stimulus modalities (tactile and 
acoustic) with significantly increased pressor and tachycardic responses. This cardiovascular hyperreactivity is not due to 
different degrees of habituation between the two strains and can be observed even in the absence of significant differences 


in standard behavioral startle response measures. 
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SPONTANEOUSLY hypertensive rats (SHR), which are 
often considered to be an excellent animal model of human 
essential hypertension [27], have been described as reacting 
with exaggerated behavioral and/or autonomic responses to 
a variety of alerting or stressful stimuli, including minor dis- 
turbances and handling [23], transposition to a new environ- 
ment [19], exposure to light, noise, and vibration [10], expo- 
sure to heat and ether [20], forced immobilization [13], clas- 
sical fear conditioning [15], and inescapable footshock 
[17,18] (for review see [16,28]). It has been suggested that the 
central nervous system hyperreactivity to many environ- 
mental stimuli in SHR may reflect a genetic trait of this rat 
strain which at an early age may play an important role in 
precipitating blood pressure elevation [8,10] (for review see 
[6}). 

While a mere association between hyperreactivity and 
high blood pressure in adult SHR cannot be used as an indi- 
cation of a cause-and-effect relationship (i.e., hyperreactiv- 
ity could be secondary or unrelated to high blood pressure) 
the failure in recent studies to find significant correlations 
between behavioral reactivity and blood pressure in young 





and adult SHR [14,26] and in normotensive and hypertensive 
F, hybrids from WKY x SHR cross breedings [11,29] has 
been interpreted to indicate that hyperreactivity and high 
blood pressure are not causally linked. This conclusion does 
not, however, take into account that most types of environ- 
mental stimuli elicit a complex pattern of behavioral, car- 
diovascular and other autonomic responses which may be 
equally important in evaluating central nervous system reac- 
tivity and its possible relationship to baseline blood pressure. 
In fact, it is the acute transient pressor responses accom- 
panying many behavioral responses rather than the behav- 
ioral responses themselves which, when exaggerated, have 
been accused of causing blood pressure to become chroni- 
cally elevated [6]. 

In the present study we have sought to characterize reac- 
tivity levels in adult SHR vs. WKY rats more fully by simul- 
taneously measuring cardiovascular and behavioral re- 
sponses to repeated tactile and acoustic stimuli. The results 
indicate that there may be exaggerated pressor and heart rate 
responses with acoustic stimulation in adult SHR in the ab- 
sence of significant behavioral hyperreactivity. SHR were 
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TABLE 1 


BASELINE DATA ON BLOOD PRESSURE, HEART RATE AND BODY 
WEIGHT IN THE RESTING STATE IN ALL FOUR 
EXPERIMENTAL GROUPS 





Blood Heart 
Pressure Rate 


Body 


Strain Weight 





SHR 176 + 6.2* 
II WKY 
Ill SHR 
IV WKY 


349 + 8.2 
120 + 3.8 345 + 13.2 
180 + 3.9* 391 + 10.7 
iz3 2 3.3 362 + 11.0 


314 + 7.1 
295 + 7.1 
308 + 6.5 
305 + 9.8 





Data are given as means + SEM. 
*p<0.001, groups I vs. II, and III vs. IV. 


found to be both behaviorally and cardiovascularly hyper- 
reactive with tactile stimulation. The results of repeated 
stimulation experiments indicate that the behavioral and 
cardiovascular hyperreactivity in SHR was due to an ele- 
vated overall level of responsiveness rather than a lack of 
habituation. 


METHOD 


Animals 


Rats were originally obtained from Charles River Labora- 
tories, Inc., Wilmington, MA, and bred at the Breeder Core 
of the Hypertension Scor Program at the University of Cali- 
fornia at San Diego since 1981. All experiments were carried 
out in adult (16-20 weeks), male spontaneously hypertensive 
(SHR) and age-matched normotensive Wistar-Kyoto rats 
(WKY). All animals were housed individually in a thermally 


controlled (20+ 1°C) area and maintained on a 12 hour dark- 
light cycle (lights on at 0600, off 1800). All experiments and 
surgical procedures were conducted between 0800 hr and 
1600 hr. 


Measurement of Blood Pressure and Heart Rate 


Mean arterial pressure was recorded directly from an in- 
dwelling catheter placed into the left carotid artery. A poly- 
ethylene catheter (PE 10) was inserted into the vessel under 
light ether anesthesia on the day prior to the experiment. The 
catheter was connected to PE 50 tubing which was tunneled 
under the skin to exit through a small incision in the scruff of 
the neck. For measurement of blood pressure and heart rate 
the catheter was connected via a Statham 23Db pressure 
transducer and a Gould Brush pressure processor to a Gould 
Brush 2400 S chart recorder. An 80 cm long PE 50 tubing, 
exteriorized through a small opening in the wall of the startle 
chamber, was used to connect the indwelling arterial cathe- 
ter and the pressure transducer. The latter was placed out- 
side the startle chamber so as to minimize possible interfer- 
ence of the blood pressure measurement with the startle re- 
sponse. 


Startle Response Measures 


Startle response magnitudes were measured in a 
stabilimeter consisting of a 10 cm diameter Plexiglas cylinder 
held at top and bottom within a rigid frame by large rubber 
stoppers. Displacement of the cylinder by the animal was 
detected by a ceramic phonograph cartridge mounted on the 
outer frame as described previously [9]. Starting with the 


RETTIG, GEYER AND PRINTZ 




























































































Ali wt 


+ AIR PUFF 12.5 p.s.i., 40ms 


FIG. 1. Simultaneous recordings of behavioral and cardiovascular 
responses to repeated tactile stimulation at 30 second intertrial 
intervals ina WKY rat. HR=heart rate, BP=direct blood pressure, 
MAP= mean arterial pressure. 


onset of each stimulus, signals were recorded at a rate of one 
reading per msec for 200 msec and analysed by a com- 
puterized data aquisition system (SRLAB, Scientific and 
Professional Support Group) for time-averaged response 
magnitudes and latency to peak response. Each test session 
consisted of either 15 trials of acoustic stimuli (123 dB(A), 4 
kHz, 40 msec) or 15 trials of tactile stimuli (air-puff, 12.5 psi, 
40 msec, delivered through a 0.6 cm diameter tube 2.5 cm 
above the animal’s back) at 60 sec intertrial intervals. Prior 
to and during the test sessions animals were exposed to a 
constant background noise of 70 dB(A), 4 kHz. Testing was 
begun 30 min after the animals had been placed into the 
Plexiglas cylinder and the arterial catheter was connected to 
the pressure transducer. 


Experiments 


Seventeen SHR and 17 WKY rats were randomly as- 
signed to 15 consecutive trials with either tactile or acoustic 
stimulation. The following groups were formed: Group I: 
SHR, n=9, tactile stimulation; group II: WKY, n=9, tactile 
stimulation; group III: SHR, n=8, acoustic stimulation; and 
group IV: WKY, n=8, acoustic stimulation. One test session 
consisting of 15 trials was given to each animal. 
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FIG. 2. Pressor responses following 15 consecutive trials with either 

tactile (air puff, 12.5 psi, 40 msec) or acoustic (123 dB(A), 4 kHz, 40 

msec) stimulation in SHR and WKY rats. 


Statistics 


Data are expressed as means+SEM. Differences between 
and within subjects of the two strains were calculated using 
analysis of variance (two-factor mixed design with repeated 
measures on one factor) or unpaired Student’s f-test where 
appropriate. Significance levels were set at p<0.05. 


RESULTS 


Baseline data on blood pressure, heart rate and body 
weight for all four experimental groups are given in Table 1. 
SHR in both subgroups (groups I and II) had slightly higher 
body weights than WKY rats (groups II and IV). However, 
these differences were not statistically significant. Neither 
were the differences in resting heart rate between SHR and 
WKY rats statistically significant. Blood pressure was signif- 
icantly elevated in SHR. Typical simultaneous recordings of 
behavioral and cardiovascular responses to repeated tactile 
stimulation at 30 second intertrial intervals are shown in Fig. 
1. All other data presented in this paper are based on inter- 
trial intervals of 60 seconds. The principal nature of the re- 
sponses was the same in SHR and WKY rats with either 
intertrial interval time and with tactile and acoustic stimuli. 


Cardiovascular Startle Responses 


With both stimulus modalities, the cardiovascular re- 
sponses consisted of transient increases in blood pressure, 
which lasted for 3-5 sec, and accelerations in heart rate, 
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FIG. 3. Heart rate responses following 15 consecutive trials witt 
either tactile (air puff, 12.5 psi, 40 msec) or acoustic (123 dB(A), 4 
kHz, 40 msec) stimulation in SHR and WKY rats. 


which started after the beginning of the pressor response and 
lasted for 8-10 sec. Between individual trials blood pressure 
and heart rate generally returned to baseline or near-baseline 
values. 

As shown in Fig. 2, pressor responses were significantly 
larger in SHR vs. WKY rats for both tactile, F(1,16)=6.10; 
p<0.05, and acoustic, F(1,14)=4.87; p<0.05, stimuli. As 
indicated by analysis of variance conducted separately for 
tactile, F(14,224)=5.21; p<0.001, and acoustic, 
F(14,196)=3.65; p<0.001, trials, there were significant 
differences within subjects, meaning that the response 
habituated. The rate of habituation was not significantly dif- 
ferent between the two strains of rats for either stimulus 
modality. 

Figure 3 illustrates the heart rate responses to tactile and 
acoustic stimuli. As with the blood pressure responses, SHR 
rats, when compared to WKY, responded with significantly 
higher increases in heart rate following both tactile, 
F(1,16)=17.10; p<0.001, and acoustic, F(1,14)=39.83; 
p<0.001, stimuli. However, in neither of the experimental 
groups did the heart rate response habituate significantly 
over 15 consecutive trials. 


Behavioral Startle Responses 


Measures of the behavioral startle responses following 
tactile and acoustic stimulation are shown in Fig. 4. SHR 
exhibited significantly greater startle responses when com- 
pared to WKY rats with tactile, F(1,16)=15.70; p<0.05, but 
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FIG. 4. Motor responses following 15 consecutive trials with either 
tactile (air puff, 12.5 psi, 40 msec) or acoustic (123 dB(A), 4 kHz, 40 
msec) stimulation in SHR and WKY rats. 


not with acoustic stimuli. There was no statistically signifi- 
cant habituation with tactile stimulation. With acoustic 
stimulation, however, the response habituated significantly 
over consecutive trials, F(14,196)=1.80; p<0.05. As indi- 
cated by a statistically significant F-value, F(14,196)=2.47; 
p<0.01, for the trials x conditions interaction in an analysis 
of variance, the degree of habituation was different between 
the two strains. 

With tactile stimulation the average latency for the peak 
behavioral response to occur was 62+6.0 msec for WKY rats 
and 51+4.6 msec for SHR. With acoustic stimulation the 
values were 56+9.2 msec for WKY rats and 46+4.2 msec for 
SHR. These differences in mean values between the two 
strains were not statistically significant, nor did the latencies 
change significantly with consecutive trials in each of the 
experiments. 


DISCUSSION 


Many reports have dealt with the various aspects of the 
defense reaction as a centrally integrated behavioral, car- 
diovascular and endocrine response pattern in SHR and their 
normotensive WKY control strain. In the literature, the re- 
sponse to startling sensory stimuli is often considered the 
prototypical defense reaction [2,25]. It is this type of cen- 
trally integrated behavioral and autonomic response pattern 
which is elicited by most types of alerting or stressful stimuli 
in daily-life situations. Our findings of a behavioral hyper- 
reactivity in SHR in response to tactile stimulation are in 
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agreement with numerous other reports that'describe SHR 
as being behaviorally hyperreactive to a variety of environ- 
mental stimuli [14, 17-23] (for review see [16,28]). 

More recently, however, in a number of other studies a 
failure to demonstrate behavioral hyperreactivity to en- 
vironmental stimuli in SHR in specific test situations was 
reported. For example, Sutterer et al. [26] reported that 
spontaneous activity and rearing in an open field situation 
were less inhibited in SHR than in WKY rats by acoustic 
stimuli of different intensities. Similarly, using a conditioned 
acoustic stimulus, LeDoux et al. [15] found less drink and 
activity suppression in SHR than in WKY rats. Interestingly, 
in the latter study behavioral hyporesponsiveness in SHR 
was associated with significant cardiovascular hyperreactiv- 
ity. Many of the behaviors tested in these studies [15,26] are 
often considered to be inversely related to emotionality 
[5,12]. Thus, while these studies clearly demonstrate 
hypoemotionality in SHR, the results may in fact be compat- 
ible with the description of SHR as being behaviorally hyper- 
reactive to environmental stimuli in different testing 
paradigms. 

In contrast, Leaton et al. [14] reported decreased behav- 
ioral responses to acoustic startle in SHR. Our results are 
not in accord with these observations, since we found no 
statistically significant differences in the magnitude of behav- 
ioral startle responses to acoustic stimulation in SHR and 
WKY rats. One possible explanation for this discrepancy 
may relate to genetic differences that may have occurred in 
the substrains of SHR and WKY used in the two studies. 
Thus, it is conceivable that the slightly higher body weights 
of SHR vs. WKY rats which we consistently find in our 
colony may reflect a genetic difference to the SHR and/or 
WKY strains used by Leaton er al. [14], since these authors 
reported their SHR to be lighter than WKY rats at the be- 
ginning of their experiments. Other explanations include 
differences in experimental protocols such as different 
stimulus intensities, the simultaneous cardiovascular 
monitoring in our study or pretesting in different paradigms 
[14]. 

Although habituation is a common phenomenon of re- 
peated startle in rats [3,4] its actual occurrence in a specific 
test situation depends on several factors, including the na- 
ture and intensity of the eliciting stimulus as well as charac- 
teristics of the response measured. In the present study 
motoric startle responses habituated significantly with re- 
peated acoustic, but not with tactile stimulation. Possible 
reasons that may have accounted for our failure to demon- 
strate significant behavioral habituation to repeated tactile 
stimulation include the long intertrial intervals of 60 sec, 
which were chosen to allow the cardiovascular parameters to 
return to stable baseline levels between consecutive trials, 
and the high intensity of the tactile stimulus, which may have 
prevented rapid habituation within 15 consecutive trials. The 
behavioral and cardiovascular responses at the beginning of 
the test session indicate that the tactile stimuli were effec- 
tively more intense than the acoustic stimuli. Hence, the 
differences between the effects of tactile and acoustic stimuli 
observed in the present study may be due to differences in 
perceived stimulus intensity rather than differences in the 
sensory pathway involved. 

The rate of behavioral habituation of acoustic startle was 
significantly different between the two strains, i.e., habitua- 
tion occurred largely in SHR and not in WKY rats. How- 
ever, it should be noted that this difference may be attribut- 
able to the relatively low level of response by the WKY rats 





STARTLE RESPONSES IN SHR 


following even the first few acoustic stimuli. While part of 
the behavioral hyperreactivity in SHR has been suggested to 
be due to a lack of habituation to repeated stimulation 
[21,22], Leaton et al. [14], in a detailed behavioral study, did 
not find major defects in habituation in SHR in three differ- 
ent experimental paradigms. Rather, in their experiments, 
SHR habituated less, equally or more than WKY rats, de- 
pending upon various details of the exact behavioral testing 
situation, like stimulus modality and intensity, nature of be- 
havioral response and the time sample taken. Similarly, we 
found no habituation deficit in SHR with respect to their 
blood pressure responses. Thus, whatever mechanisms 
mediate behavioral and cardiovascular habituation to re- 
peated startling stimulation in rats, they appear not to be 
impaired in SHR. 

Although behavioral and cardiovascular responses to 
startling sensory stimuli may both be components of the 
same centrally integrated response pattern, i.e., the defense 
response, which can be elicited by a wide variety of en- 
vironmental stimuli, the magnitude of behavioral responses 
to a given stimulus or sequence of stimuli does not necessar- 
ily reflect the degree of cardiovascular activation. In the 
present study, SHR exhibited significantly increased pressor 
and tachycardic responses to tactile and acoustic stimula- 
tion, regardless whether simultaneously measured behav- 
ioral responses were also significantly exaggerated (as with 
tactile stimulation) or not {as with acoustic stimulation). 
These findings may have important implications for the in- 
terpretation of experimental data concerning the relationship 
between reactivity to environmental stimuli and tonic height 
of blood pressure, since it is conceivable that in many exper- 
imental situations, in which SHR are not found to be behav- 
iorally hyperreactive, they may in fact be hyperreactive with 
respect to their cardiovascular responses. 

In our experiments pressor responses, but not heart rate 
responses, habituated significantly during repeated stimula- 
tion with both tactile and acoustic stimuli. This may be due 
to differential sensitivity of the two measures. Alternatively, 
these findings may indicate that different mechanisms with 
different susceptibility to habituation play a role in the con- 
trol of both cardiovascular parameters. Clearly the phasic 
increases in blood pressure are not the result of tachycardia, 
since, if anything, blood pressure started to rise earlier and 
obviously reached its peak sooner than heart rate (Fig. 1). 
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The quick onset and short duration of both responses suggest 
neuronal rather than humoral mechanisms. The neuronal ad- 
justments that take place during classical defense reactions 
have been described in detail in the literature (for review see 
[6,30]). They are sufficiently complex to provide possible 
explanations for the different behavior of blood pressure and 
heart rate responses in our experiments. Briefly, there is 
cardiac stimulation via enhanced sympathetic discharge and 
reduced vagal tone. Underlying the pressor responses is 
primarily a neurogenic constriction of most resistance ves- 
sels, except in skeletal muscle, heart, and brain, where in- 
stead neurogenic and/or humoral vasodilation occurs [1,7]. 
At the same time buffering cardiac reflexes from arterial 
baroreceptors are largely inhibited [24], making tachycardia 
a reliable concomitant of even mild defense reactions. 
Whereas these mechanisms may help to prevent early 
habituation of phasic tachycardic responses following star- 
tling sensory stimulation, the delicate balance between 
neurogenic vasoconstrictor and neurogenic and/or humoral 
vasodilator influences conceivably facilitates habituation of 
the pressor responses. 

As indicated by our data on behavioral and cardiovascu- 
lar effects of repeated acoustic stimulation, behavioral 
measurements alone may not be sufficient as an indicator of 
the intensity of the elicited defense reaction. Rather, simul- 
taneous measurements of cardiovascular and behavioral re- 
sponses will be required to adequately evaluate the intensity 
of elicited responses. That increased pressor responses to 
environmental stimuli may be a causative factor in the de- 
velopment of hypertension in SHR is an attractive hypoth- 
esis. Further studies are, however, needed to establish a 
possible cause-and-effect relationship. When applied in an 
appropriate experimental context (e.g., to young prehyper- 
tensive SHR, normotensive and hypertensive F, hybrids, 
and WKY rats with secondary hypertension), startle re- 
sponse measures, combined with simultaneous cardiovascu- 
lar measurements can be used as a model experimental 
paradigm to address this problem. 
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SCHIFFMAN, S. S.,S. A. SIMON, J. M. GILL AND T. G. BEEKER. Bretylium tosylate enhances salt taste. PHYSIOL 
BEHAV 36(6) 1129-1137, 1986.—Bretylium tosylate (BT), an antifibrillary drug, was found to potentiate the taste of NaCl 
and LiCl in both humans and rats. Application of 1 mM BT (pH 6.3) to the human tongue statistically potentiated the taste 
of 0.2 M NaCl and 0.2 M LiCl by 33.5% and 12.5% respectively. Electrophysiological taste responses from nucleus tractus 
solitarius (NTS) in rat for both hyposmotic and hyperosmotic concentrations of NaCl and 0.1 M LiCl were also increased 
by 30 to 40% after application of 1 mM BT. This potentiation induced by BT was reduced by amiloride in both humans and 
rats. Furthermore, amiloride became ineffective in inhibiting taste responses to NaCl in the presence of BT. 


Taste Salts Bretylium tosylate Amiloride 


Transduction 





AMILORIDE-SENSITIVE sodium pathways have been 
shown to mediate some components of taste in both humans 
[30] and rodents [8, 11, 19, 30, 36]. The diuretic amiloride (n- 
amidino-3,5-diamino-6-chloropyrazine carboxamide) di- 
minishes the taste of NaCl and LiCl as well as a range of 
sweet-tasting compounds in humans [30] and reduces elec- 
trophysiological gustatory responses to NaCl and LiCl in 
rats and gerbils [8, 11, 19, 30, 36]. Furthermore, amiloride 
blocks the increases in short circuit current across canine 
and rat lingual epithelium induced by NaCl, LiCl and sugars 
{11, 12, 13, 19, 26, 34]. 

Bretylium tosylate (BT), an antifibrillary drug [1, 2, 3, 15, 
24], has recently been reported to increase sodium transport 
through amiloride-sensitive channels in frog skin [21,22]. It 
therefore seemed logical to determine: (1) whether BT 
amplifies the amiloride-sensitive components of taste, specif- 
ically the tastes of NaCl, LiCl, and sweeteners, and (2) if it 
indeed amplifies taste, does it do so by the same mechanisms 
that occur in other transporting epithelia such as frog skin 
{21,22}? 

These questions are important because they may shed 
light on the mechanisms of salt taste transduction. Until re- 
cently, the gustatory transduction mechanism for salts was 
presumed to occur by physical adsorption of the stimulus to 
the receptor membrane but not to involve penetration into 
the cytoplasm itself [4]. However, numerous studies suggest 
that the lingual epithelium is indeed penetrated by ions [7, 
12, 17, 18, 26, 34], and that sodium entry across the lingual 
epithelium (including taste buds) may be involved in taste 
transduction [11, 12, 13, 19, 26, 34]. 





Results of the experiments reported here show that under 
specified conditions, BT potentiated the taste of NaCl and 
LiCl in humans without affecting the responses to other salts 
such as KCI or CaCl,. Moreover, it had no effect on sweet- 
tasting compounds, sour (HCI) or bitter (quinine) tastants, or 
an amino acid with a salty component (L-histidine HCl). 
Electrophysiological taste responses using multiunit and 
single unit recordings in rats showed that BT potentiated the 
activity for both NaCl and LiCl. The potentiation of gustat- 
ory responses induced by BT was reduced by amiloride in 
both humans and rats; however, in the presence of BT, 
amiloride was ineffective in inhibiting NaCl gustatory re- 
sponses. BT had no effect on the short circuit current in 
isolated dog lingual epithelium. 


METHOD 


In order to determine the effect of BT on gustatory 
events, three types of experiments were performed. These 
included psychophysical taste measurements in humans, 
electrophysiological taste recordings in rats, and electrical 
measurements from isolated dog lingual epithelium. 


PSYCHOPHYSICAL STUDIES IN HUMANS 
Subjects 


The subjects were Duke University students ranging in 
age from 18 to 25 years. At least ten subjects were tested on 
each compound. Forty persons were tested on NaCl, LiCl, 
and KCl. Most of the subjects had taken part in previous 
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TABLE | 





Concentrations 
Used As 


Stimuli Standards 





Na‘, Li*, K* salts 
NaCl 0.2 M,0.4M 
LiCl 0.2 M, 0.4M 
KCl 0.3M 
CaCl, 0.25 M 


Sweeteners 
Sucrose (Disaccharide) 
Aspartame (Dipeptide: 1-aspartyl-L-pheny]l- 
alanine methyl ester) 
Stevioside (Diterpine glycoside) 
D-Histidine HCI (amino acid) 
D-Tryptophan (amino acid) 


0.4M 
0.008 M 


0.0011 M 
0.0285 M 
0.03 M 


ther 
L-Histidine HCl (amino acid) 0.20 M 


HCl 0.01 M 
Quinine HCl 0.002 M 





taste experiments. They were divided about equally with 
regard to sex. All subjects were skilled at making fine dis- 
criminations in NaCl concentrations as described by 
Schiffman et a/. (28, 29, 30}. 


Stimuli 


Three different compounds were used to preadapt the 
tongue: bretylium tosylate (BT), amiloride hydrochloride, 
and urea. BT was obtained from ampules marketed as Bre- 
tylol by American Critical Care (McGaw Park, IL). 
Amiloride hydrochloride was obtained from Merck Sharp 
and Dohme (West Point, PA). The twelve compounds given 
in Table 1 were used as test stimuli. The pH values of the 
chloride salts of sodium, potassium, lithium, and calcium 
ranged from 5.3 to 5.8; for the sweeteners, the range was 3.9 
to 4.9. The pH’s of L-histidine, HCl, and quinine HCI were 
3.1, 2.1 and 6.1 respectively. Aspartame was obtained from 
Searle (Skokie, IL). All the other compounds used in this 
study were obtained from Sigma (St. Louis, MO) and were 
reagent grade. 

BT, amiloride, and urea were dissolved in deionized 
water. BT was applied to the tongue at two concentrations, 1 
mM and 2.5 mM. The reason for choosing these concentra- 
tions was that they were found to be effective in increasing 
sodium transport as determined by short circuit current 
measurements in frog skin [21,22]. Amiloride was used at 
three concentrations: 0.01 mM, 0.1 mM and I mM. Urea (0.9 
M) at pH 6.3 was used in another experiment as a control to 
match the bitterness of BT. 


Procedure 


Six experiments were performed to determine whether 
BT modifies taste perception. BT (see Fig. 1) is a bromoben- 
zyl quaternary ammonium compound that is poorly absorbed 
through the gastrointestinal system due to its low lipid solu- 
bility and fixed positive charge [1]. For this reason, when it is 
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FIG. 1. Structure of bretylium tosylate (BT). 
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FIG. 2 (A) In one set of experiments, half of the tongue was adapted 
to BT and the other half to a deionized water control. In another 
experiment, both BT and amiloride were applied simultaneously to 
one half of the tongue with a water control on the other side. (B) A 
standard concentration of a taste stimulus dissolved in deionized 
water was applied to the side of the tongue adapted to BT (or to BT 
plus amiloride). Test stimuli were applied simultaneously to the 
nondrug-treated side, and the concentrations were adjusted to match 
the perceived intensity of the standard. 


used medically to treat ventricular fibrillation, it is injected 
intravenously or intramuscularly. Dosages up to 10 mg/kg of 
body weight can be given safely [27]. The maximum concen- 
tration of BT applied to the human tongue in the studies 
described below never exceeded 1/7500 of the maximally 
safe dose. The taste studies were approved by the Institu- 
tional Review Board at Duke University Medical Center. 

Experiment |. Pieces of chromatography paper (Whatman 
No. 1, 0.16 mm thickness) were cut in the shape of half 
tongues and soaked in 1 mM BT (pH=6.3) or a deionized 
water (pH 6.3) control for at least 10 minutes. The pH’s were 
adjusted with HCI. Next the two pieces of filter paper were 
placed on both sides of the tongue (see Fig. 2A) for 2 min and 
removed; whereupon a fresh set of filter papers was 
reapplied. The total adaptation time was 4 min. 

The test stimuli dissolved in deionized water were delivered 
in 1.27 cm discs of chromatography paper as shown in Fig. 2B. 
The standard concentration was placed on the side of the 
tongue adapted to BT. The concentration on the other side was 
adjusted to match the perceived intensity of the standard placed 
on the side of the tongue adapted to BT. When the stimuli 
applied to the two sides of the tongue were perceived to be 
equally intense, subjects were also asked which side of the 
tongue was more salty, bitter, sweet, or sour. Additional details 
are given elsewhere [29,30]. The concentration of the test 





BT ENHANCES SALT TASTE 


SALTS 
1 mM BRETYLIUM TOSYLATE pH 63 





MOLARI TY 

















NaCl NaCl LiCl LiCl KCI CoCl, 


SWEETENERS 
| mM BRETYLIUM TOSYLATE pH 63 








Ww 
ro) 
2 
<a 
x 
oO 
Ps 























his, 4 i D7 
Stevioside O-Histidine 
HCI 





Sucrose D - Tryptophan 


HER 
i'mM BRETYLIUM TOSYLATE pH 6.3 


21x 
20x 1O-M 
OIM .O1IOM 10"M) 


% Change 











L-Histidine 
Cc HCI HCI 


FIGS. 3A-C. The striped bar indicates the standard concentration 
applied to the side of the tongue adapted to 1 mM BT (pH 6.3). The 
white bar indicates the concentration perceived to match the stand- 
ard. The asterisk indicates that the increase to 0.2 M NaCl and 0.2 M 
LiCl were statistically significant. (A) Monovalent and divalent salts 
(B) Sweeteners (C) Other. 
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stimulus judged to be higher 50% of the time and lower 50% 
of the time was considered to match the intensity of the 
standard. The stimuli and concentrations utilized as stand- 
ards are given in Table 1. Most of the standard concentra- 
tions impart a moderately intense taste and have been used 
in previous studies [29,30]. 

Experiment 2. This was identical to Experiment 1 except 
that 2.5 mM rather than | mM BT was used as an adapting 
solution. While BT exhibited some bitter taste at 1 mM, 
some subjects noted an even stronger taste at 2.5 mM. For 
this reason, concentrations of BT higher than 2.5 mM were 
not used. Only NaCl (0.2 M), LiCl (0.2 M), and KCI (0.3 M) 
were tested as standards with 2.5 mM BT as the adapting 
solution. 

Experiment 3. This approach was similar to Experiment 1 
except that in this case 0.9 M urea (pH 6.3) rather than 
deionized water was employed as a control. This concentra- 
tion of urea was used to match the bitterness of 1 mM BT 
that was perceived by some subjects. NaCl (0.2 M) was the 
only stimulus tested. 

Experiment 4. This protocol was the same as given in 
Experiment | except that half the tongue was adapted to 0.01 
mM, 0.1 mM, or 1 mM amiloride applied simultaneously 
with 1 mM BT at pH 6.3 to determine if amiloride antago- 
nized the effects of BT. NaCl (0.2 M) was the only stimulus 
tested. 

Experiment 5. This was similar to Experiment 1 except 
that the tongue was adapted to | mM BT at pH 8.0. This pH 
was studied because Ilani et a/. [22] had found alkaline pH to 
be more effective than neutral pH in stimulating sodium 
transport in frog skin. Four stimuli were tested: 0.2 M NaCl, 
0.2 M LiCl, 0.008 M aspartame, and 0.4 M sucrose. 

Experiment 6. In this experiment, the mode of application 
of BT differed from that in Experiments 1-4 in that 1 mM BT 
was co-dissolved with 0.2 M NaCl (pH 6.3). There was no 
preadaptation with half tongues. The 0.2 M NaCl standard 
dissolved in BT was impregnated in 1.27 cm discs of chroma- 
tography paper and placed on one side of the tongue. Test 
stimuli dissolved in deionized water (pH 6.3) were applied in 
1.27 cm discs to the other side. The adjustment process was 
identical to that described in Experiment 1. 


ELECTROPHYSIOLOGICAL STUDIES IN RAT 


Both multiunit and single unit recordings from nucleus 
tractus solitarius (NTS) were obtained. 


Multiunit Recordings 


In order to obtain a representative sample of the activity 
in a group of cells, multiunit responses were measured. Re- 
sponses were recorded from 8 Sprague Dawley rats 
anesthetized with an intraperitoneal injection of Nembutal 
(60 mg/kg). Low impedance 3 M NaCl-filled micropipettes 
were lowered into NTS until action potentials were found. 
NTS was localized 3 mm rostral, 2 mm lateral to the obex 
and approximately 1-1.5 mm below the surface of the 
medulla. 

The signal from the electrode was passed through an in- 
tegrator and displayed on a chart recorder. The maximum 
deflection of the pen during the first ten second interval was 
taken as the response because no obvious changes in the 
time course were observed over this period. The responses 
reported here were computed as a percentage of the re- 
sponse to 0.5 M sucrose because its response was stable 
under all drug conditions. 
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FIG. 4. The striped bar represents the standard, 0.2 M NaCl, applied to the side of 
the tongue adapted to BT alone, mixtures of BT plus amiloride, or amiloride 
alone. The white bar indicates the concentration perceived to match the standard. 
The results for adaptation to amiloride alone were reported previously by 


Schiffman et al. [30]. 
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FIG. 5. Integrated responses to 0.1 M NaCl, 0.5 M sucrose, and 0.1 
M KCI. (A) before drug treatment (B) after treatment with 1 mM BT 
(pH 6.3) and (C) after simultaneous treatment with 1 mM BT and 1 
mM amiloride (pH 6.3). 


Prior to adaptation of the tongue with 1 mM BT, stimuli 
were delivered to the tongue via a flow chamber that loosely 
held the anterior two thirds of the tongue and did not exclude 
saliva. Approximately 5 ml of stimulus were delivered by 
gravity flow with 1 minute between each application. A brief 
deionized water rinse followed each presentation. 

The following stimuli, which have been found to give ef- 


fective responses in previous experiments [29,37], were pre- 
sented: 0.05 M, 0.1 M, 0.2 M, 0.4 M and 0.6 M NaCl, 0.1 M 
KCl, 0.1 M LiCl, 0.5 M sucrose, 0.01 M quinine HCI and 
0.01 M HCI. In one experiment, the stimulus train was pre- 
sented both before and after application of 1 mM BT (pH 6.3) 
and a solution of 1 mM BT and | mM amiloride (pH 6.3). The 
drugs were flowed across the tongue for 4 minutes and were 
also used as interstimulus rinses. In the second experiment, 
the stimuli were presented before and after 1 mM BT (pH 
6.3), a mixture of 1 mM BT and 0.01 mM caffeine (pH 6.3) 
and a mixture of ImM BT and 0.1 mM adenosine (pH 6.3). 
Caffeine was tested because it has recently been shown to 
enhance taste responses to NaCl in humans and rats [29]. 
Adenosine was used because it was found to reverse the 
potentiation by caffeine. 


Single Unit Recordings 


Extracellular single unit recordings were made in ten 
female Sprague Dawley rats, anesthetized with an intraperi- 
toneal injection of Nembutal (60 mg/kg). 3 M NaCl-filled 
glass micropipettes were lowered into the NTS (see 
Woolston and Erickson [37] for details). Each stimulus was 
replicated from 2 to 4 times. After all the stimuli were pre- 
sented (0.1 M NaCl, 0.1 M KCl, 0.5 M sucrose, 0.01 M 
QHCI, and 0.01 M HCl), 1 mM BT (pH 6.3) was flowed 
across the tongue for 4 minutes. The stimuli were then pre- 
sented again followed by interstimulus rinses with BT. In 
five additional neurons, BT was presented at pH=8.0, and 
the same protocol was repeated. 

The spikes evoked by a stimulus were passed through a 
window discriminator. A microcomputer stored the time 
of occurrence of each spike and displayed the data as a 
peri-stimulus time histogram. The first 100 msec bin that 
contained more than 2 times the mean number of spikes 
recorded during background (determined in the 3 seconds 
prior to stimulus onset) and more than any of the 
prestimulus bins was designated to be the onset of the 
stimulus-induced response. The number of spikes in the first 
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change after simultaneous treatment with 1 mM BT and | mM 
amiloride. 


second of response minus the background rate was consid- 
ered the response for this study. 


ELECTRICAL MEASUREMENTS FROM DOG TONGUE 


Tongues were excised from dogs anesthetized with 
sodium pentobarbital (40 mg/kg) and immediately placed in 
Krebs-Henseleit (K-H) buffer on ice. No discrimination of 
the data was made on the basis of age, sex, medical history, 
or breed of the dog. The composition of K-H in millimolar 
concentrations was: NaCl (123), KCI (0.6), Mg.SO, (1.2), 
CaCl, (2.0), NaHCO, (25), NaH.PO, (0.45), and dextrose 
(5.6). The osmolality of this solution was 290 mOsm. This 
solution was bubbled with 95% O,/5% CO, and the pH was 
adjusted to 7.4 at 36°. The CO, tongues were pinned, dorsal 
side down, on a dissecting table and the muscle layer re- 
moved using both scissors and a scalpel. The region of the 
tongue used in all experiments was that just anterior to the 
circumvallate papillae and symmetric about the median sul- 
cus. Two types of papillae are found in this region: the fun- 
giform papillae, which usually contain taste buds, and the 
filiform papillae, which do not. 

The tongue was mounted as a flat (3.1 cm?) sheet between 
two lucite chambers equipped with solution reservoirs simi- 
lar to those described by Schultz and Zalusky [33]. The vol- 
ume of solutions in each chamber was 10 ml. The solutions in 
the presence and absence of BT were stirred by bubbling 
either 95%/5% O./CO, or 100% O, through the reservoirs. 
Once mounted in the chamber, the solution temperature was 
maintained at 36+1°C with a Haake temperature bath. All 
experiments began with the tongue bathed in symmetrical 
solutions of K-H. BT was added to the solution baths from a 
stock solution containing the same composition as the side to 
which it was added. 

The open circuit potential, Voc, and short circuit current, 
Isc, were measured using an automatic voltage clamp that 
compensated for the series resistance and voltage asymmet- 
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FIG. 7. Integrated responses to NaCl from 0.05 M to 0.6 M. Re- 
sponses are shown for NaCl alone, NaCl after adaptation to BT, 


NaCl after adaptation to a mixture of 1 mM BT and I mM amiloride, 
and NaCl after adaptation to 1 mM amiloride. 


rics. Voc was measured with calomel electrodes connected 
to the chamber by 4% agar bridges containing 0.15 M NaCl. 
Current was passed through the tongue using platinum elec- 
trodes. Isc is defined here to be negative when cations are 
transported from the mucosal to serosal surface or anions are 
transported from the serosal to mucosal surface. The open 
circuit potential is defined with respect to the mucosal sur- 
face. The pH of the solutions was directly measured by a pH 
electrode inserted in the bathing solutions. In experiments 
where the solutions were asymmetrical in that K-H bathed 
the serosal side, a monovalent chloride salt, bubbled with 
100% O. was on the mucosal side. 


RESULTS 


PSYCHOPHYSICAL DATA 


The results from Experiment 1 in which the tongue was 
adapted to 1 mM BT at pH 6.3 are shown in Fig. 3A, B and 
C. In each of these figures, the standard concentration 
applied to the BT-treated side of the tongue is represented by 
the striped bar. The white bar indicates the concentration 
perceived to match the standard in the presence of 1 mM BT. 
Standard errors are given as well. In Fig. 3A, it can be seen 
that when the tongue was adapted to 1 mM BT (pH 6.3), the 
tastes of 0.2 M NaCl and 0.2 M LiCl! were significantly 
potentiated by 33.5% and 12.5% respectively. BT (1 mM) had 
no measurable effect on 0.4 M solutions of NaCl or LiCl. No 
statistically significant increases were found for 0.3 M KCl 
or 0.25 M CaCl,. BT (1 mM) did not potentiate the taste of 
any of the sweeteners, bitter and sour compounds, or the 
amino acids shown in Figs. 3B and C. 

The results of Experiment 2 in which the tongue was 
adapted to 2.5 mM BT (pH 6.3) were similar to Experiment 
1. The tastes of both 0.2 M NaCl and 0.2 M LiCl were signifi- 
cantly potentiated; no increase was observed for 0.3 M KCl. 
The enhancement for LiCl was significantly greater at 2.5 











PERCENT INCREASE 











-O5M NaCl 


FIG. 8. The first dotted bar indicates the enhancement of integrated 
responses to 0.05 M NaCl after application of 1 mM BT. The white 
bar shows that simultaneous application of 1 mM amiloride with 1 
mM BT reduces the enhancement. The lightly dotted bar reveals 
that simultaneous application of 0.01 mM caffeine and 1 mM BT 
significantly enhances the NaCl response beyond that for 1 mM BT 
alone. The striped bar shows that a mixture of 1 mM BT and 0.1 M 
adenosine is statistically equivalent to 1 mM BT alone. All testing 
was a pH 6.3. 


mM BT (22.0%) than at 1 mM (p<0.05). There was no statis- 
tically significant difference in the potentiation for NaCl at 
2.5 mM relative to 1 mM. 

The results of Experiment 3 show that NaCl (0.2 M) was 
significantly enhanced (35.6%) by 1 mM BT (pH 6.3) when 
0.9 M urea (pH 6.3) rather than deionized water was applied 
to the control side. This value is not significantly different 
from the 33.5% enhancement found when water was used as 
a control. This indicates that the slight bitterness of BT per- 
ceived by some subjects did not interfere with their judg- 
ments on the potentiation of NaCl by BT. 

The interaction between 1 mM BT and 0.01 mM, 0.1 mM, 
or | mM amiloride (pH 6.3) on the perception of 0.2 M NaCl 
is given in Fig. 4 (see Experiment 4). This figure points out 
the two remarkable properties of BT. First, as previously 
shown, | mM BT stimulates NaCl taste by over 30%. The 
addition of amiloride inhibits the BT-stimulated response 
100%. However, rather remarkably and unexpectedly, 1 mM 
BT protects against the inhibition produced by amiloride (to 
1 mM). 

When the pH of BT was increased from 6.3 to 8.0 with 
NaOH (Experiment 5), no enhancement of any of the tas- 
tants including NaCl or LiCl were found. BT was ineffective 
on the taste system at pH 8.0. 

In Experiment 6, when 0.2 M NaCl was co-dissolved with 
1 mM BT (pH 6.3) without preadaptation, no potentiation 
was found. This finding suggests that preadaptation of the 
tongue with BT is necessary to achieve an enhancement to 
0.2 M NaCl. 


NEUROPHYSIOLOGICAL DATA 
Multiunit Recordings 


The results from multiunit recordings are given in Figs. 5, 
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FIGS. 9A and B. The percent change in mean firing rate in the first 
one second after application of BT (pH 6.3) for (A) 0.1 M NaCl and 
(B) 0.1 M KCI. 


6, and 7. Figure 5 illustrates the enhancement of the response 
of the NTS to 0.1 M NaCl (relative to sucrose (0.5 M)) after 
incubation with 1 mM BT. It also shows the response after 
incubation with a solution of 1 mM BT and 1 mM amiloride. 
In Fig. 6, the striped bar indicates that 1 mM BT (pH 6.3) 
Statistically enhanced the multiunit responses to 0.05 M, 0.1 
M, 0.2 M, 0.4 M and 0.6 M NaCl by 42.2, 32.4, 31.5, 32.6 and 
34.4% respectively. This potentiation was slightly greater at 
the lowest NaCl concentration (0.05 M) and approximately 
equal from 0.1 M to 0.6 M. BT also statistically enhanced 0.1 
M LiCl by 43.6% and 0.1 M KCI by 32.8%. No changes were 
found for quinine HCI and HCI. 

Results from simultaneous application of 1 mM BT and 1 
mM amiloride are illustrated by the white bar in Fig. 6 and 
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FIG. 10. Peri-stimulus time histogram for 0.1 M NaCl for a single 
unit from NTS (a) before and (b) after application of 1 mM BT. 


indicate that amiloride counteracted the enhancing proper- 
ties of BT in all cases except KCI. In addition, a solution of 
BT and amiloride was more effective in reducing the re- 
sponse to LiCl than NaCl. Since lithium and sodium are 
believed to traverse the tongue through the same pathway 
[30], it appears that the interaction of lithium with this path- 
way (in the presence of BT) does not protect it from the 
inhibitory effects of amiloride as well as sodium. 

The multiunit responses of the NTS to NaCl are displayed 
in another form in Fig. 7 that includes previously unpub- 
lished multiunit data on 1 mM amiloride as well. It can be 
seen that there is a BT stimulated component that is inhibited 
by amiloride. For both hyposmotic and hyperosmotic con- 
centrations of NaCl, amiloride reduced the BT induced 
potentiation completely. In addition, it is seen that BT 
protects against the inhibitory action of amiloride. Thus, 
amiloride inhibits the BT stimulation, and BT prevents 
amiloride from blocking NaCl taste pathways. 

Addition of 0.01 mM caffeine to 1 mM BT led to further 
potentiation of 0.05 M NaCl with a total increase of 85.3% as 
shown in Fig. 8. Addition of 0.1 mM adenosine to 1 mM BT 
produced an enhancement level equal to that achieved by BT 
alone. A solution of 0.01 mM caffeine and 1 mM BT did not 
statistically enhance the response of other NaCl concentra- 
tions, LiCl or KCI] beyond that achieved by 1 mM BT alone. 


Single Unit Recordings 


The single unit responses to BT paralleled multiunit re- 
sponses as well as the human psychophysical data. The per- 
cent increase in the response to 0.1 M NaCl and 0.1 M KCl 
for each of the 10 neurons from NTS is given in Figs. 9A and 
B. In five of the ten neurons studied, the firing rates to NaCl 
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were Statistically significantly increased (p<0.05) after ap- 
plication of 1 mM BT (pH 6.3). A Poisson distribution [9,14] 
can be used to determine the probability of finding statistical 
significance at the 0.05 level for 5 or more of the 10 neural 
responses: 


k=x 
. (Np)*e~%” 
=, P) 


k! 


—~ 
k=0 


Where N=total number of neurons (i.e., 10); p=probability 
level (i.e., 0.05); and x=4 or the number of neural responses 
to NaCl minus 1 found to be statistically significant. The 
results indicate that the increased sensitivity of the neurons 
to NaCl is extremely significant, P=0.0002. None of the in- 
creases or decreases to KCl in individual neurons were 
statistically significant. In addition, no relationship between 
the size of the increases to NaCl and percent change in firing 
rate to KCI was found (compare Figs. 9A and B). The aver- 
age potentiation for all 10 neurons for NaCl was 46.1%. The 
increased firing of one neuron to 0.1 M NaCl after applica- 
tion of BT is illustrated in Fig. 10. No significant changes in 
firing rate to any stimuli were found when the pH of the BT 
solution was raised from 6.3 to 8.0. 


ELECTRICAL MEASUREMENTS IN DOG TONGUE 


With symmetrical solutions of K-H, the values for the 
open circuit potential, Voc, short circuit current, Isc, and 
specific resistance, R, were 9.8+1.5 mV, —12.1+2.3 wA/cm?, 
804+ 110 ohm-cm? (n=5). The values were not significantly 
changed by the addition of up 2 mM BT to either the mucosal 
or serosal side. For four experiments the serosal surface was 
bathed in K-H and the mucosal surface contained 300 mM 
NaCl. The pH was adjusted to be either 6.3 or 8. Over this 
pH range, neither Voc, Isc or R and were changed from their 
control values of 15.2+2.1 mV, —25.2+4.3 wA/cm’, 604+96 
ohm-cm’, by the addition of 1 mM BT. 


DISCUSSION 


In this study it was found that BT enhanced the taste 
responses to only NaCl and LiCl. Additional compounds, 
including other salts (KCI, CaCl.), sweet, acid, or bitter tas- 
tants were unaffected by BT. In stimulating the salt re- 
sponse, BT was skown to exhibit two very distinct effects 
that impact on taste transduction mechanisms. First, it 
stimulated NaCl and LiCl taste and second, it prevented 
amiloride from inhibiting the NaCl and LiCl responses. 


PSYCHOPHYSICAL MEASUREMENTS 


In humans, BT enhanced the taste response to NaCl (and 
LiCl) at slightly hyperosmotic concentrations. However, at 
very hyperosmotic conditions (0.4 M), no increase in the 
taste response was perceived. This latter effect can easily be 
understood in terms of the stimulus-intensity relationship in 
which the taste intensity is near maximal at 0.4 M and slight 
increases would not be detected. The enhancement of NaCl 
and LiCl taste intensity by BT can be thought to arise from 
shift of the stimulus-intensity curve to lower stimulus con- 
centrations. The fact that BT does not effect the other salts 
or chemicals tested provides evidence that these other tas- 
tants are producing their effects through different pathways 
than the one(s) involved in NaCl and LiCl taste. 
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These psychophysical experiments illustrate that BT ex- 
hibits dual effects (Fig. 4). First, the BT stimulation is com- 
pletely inhibited by amiloride and second, the amiloride in- 
hibition, seen in the absence of BT, is prevented by its addi- 
tion. 


NEUROPHYSIOLOGICAL DATA 
Multiunit Recordings 


The results of the multiunit recordings from rat NTS, for 
the most part, support the psychophysical results (see Figs. 
5-7) in that BT stimulated NaCl and LiCl responses. 
Moreover, the BT-stimulated component of the integrated 
responses was inhibited by amiloride, and the inhibition 
produced by amiloride was prevented by the presence of BT. 
One difference between the NTS results and the psycho- 
physical measurements is that BT increased the NaCl re- 
sponse at 0.4 M. It is noteworthy that BT was effective in 
multiunit recordings over a concentration range of 0.05 M to 
0.6 M. It has been suggested that the response over this 
concentration range involves at least two NaCl pathways, 
one in the hyposmotic range and one that is activated at 
hyperosmotic concentrations [10,26]. Since BT stimulates 
approximately the same amount over the entire concentra- 
tion range (Fig. 6), this could be interpreted to mean that the 
BT-stimulated response would have to be coupled to both 
transport systems. 

One interesting aspect of BT’s stimulation is its pH de- 
pendence. That is, it is active at pH 6.3 but inactive at pH 
8.0. This behavior is exactly the opposite to that observed in 
frog skin [22] where BT was inactive at pH 6.0 but was active 
at pH 8.0. Another difference between BT’s effect in frog 
skin and the NTS responses is that the BT stimulated sodium 
current seen in frog skin is completely inhibited by amiloride 
[21] whereas in NTS and psychophysical measurements, BT 
prevented the usual amiloride inhibition. From these data, as 
well as the epithelial results to be described below, one 
would conclude that the behavior of BT with the sodium 
pathways in frog skin is very different from those involved in 
NaCl taste transduction. The pH dependence of BT’s action 
is not understood either in frog skin or lingual preparations. 


Single Unit Recordings 


The single unit recordings give a consistent picture of the 
events occurring in gustatory papillae. That is, BT increased 
NaCl responses and did not consistently affect any of the 
other tastants. 


EPITHELIAL RESPONSES 


Experiments were performed on lingual epithelium be- 
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cause of recent developments that correlated changes in epi- 
thelial responses to primary events in chemosensory trans- 
duction [8, 11, 12, 13, 19, 26, 30, 34, 36]. 

BT did not change the electrical characteristics of canine 
lingual epithelium under any of the experimental conditions 
(i.e., hypo and hyperosmotic NaCl at pH 6.3 and 8.0). Par- 
enthetically, 1 mM BT stimulated the Isc of isolated toad 
bladder by about 50% (Simon, unpublished observation). 
Again this suggests that sodium transport in dog tongue is 
through different pathways than the sodium channels in toad 
bladder or frog skin. 

However, since many epithelial changes parallel changes 
seen in sensory nerve responses as well as psychophysical 
measurements, it is of interest that a response to BT was not 
observed. There are several reasons why this could be the 
case. First, the dog tongue may respond to BT differently 
than rats or humans. This possibility is likely to be small 
since previous experience comparing these preparations in 
their response to sugars, acids and salts showed rather good 
agreement. Second, BT may indeed stimulate transport but it 
may occur in an electrically silent manner that may involve 
an electroneutral exchange process. 


EFFECTS OF CAFFEINE AND ADENOSINE 


The enhancement of 0.05 M NaCl by 1 mM BT together 
with 0.01 mM caffeine appears to be additive. Caffeine has 
been shown previously [29] to enhance the taste of NaCl, 
and adenosine was found to reverse the enhancement. This 
suggested that an adenosine receptor modulated NaCl taste. 
However, adenosine did not block the BT-stimulated sodium 
response here suggesting that the potentiation of NaCl by 
BT, unlike caffeine, does not involve an adenosine receptor. 

From this discussion, it can be seen that the mechanism 
of action of BT on the gustatory system is not yet clear. 
Further experiments are required to clearly understand the 
mechanism responsible for enhancement. The interaction 
found between BT and amiloride is consistent in some re- 
spects with the position that BT opens amiloride-sensitive 
sodium channels in taste. The increased responsiveness of 
NaCl in the presence of BT reported here is also consistent 
with the finding that BT increases the magnitude of the fast 
sodium current of frog atrial muscle [25]. It should be noted, 
however, that BT does have other pharmacological proper- 
ties including adrenergic effects [6, 16, 23]. In addition, it has 
been found to interact with muscarinic acetylcholine recep- 
tors [31,32]. Whatever the mechanism is ultimately found to 
be, BT clearly enhances the taste of NaCl and LiCl both 
psychophysically in humans and electrophysiologically in 
rats. 
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ROSE, F. D., S. LOVE AND P. A. DELL. Differential reinforcement effects in rats reared in enriched and impoverished 
environments. PHYSIOL BEHAV 36(6) 1139-1145, 1986.—Comparison of the effects of environmental enrichment (EC) and 
impoverishment (IC) on learning in the rat is hindered by difficulty in distinguishing, experimentally, EC/IC differences in 
learning capacity per se from differences in performance-related variables such as sensory or motor ability, activity and 
motivation. Experiments are described which analyse EC/IC performance differences in a simple lever-press training 
procedure. In particular the hypothesis that EC and IC rats may be differentially reinforced by the same response- 
contingent events is examined. The data firmly support this hypothesis and possible explanations of the differential 


reinforcement effect are examined. 
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Reinforcement Operant learning 





LABORATORY rats reared in enriched environments (EC) 
might be expected to display more efficient post- 
environmental learning than those reared in impoverished 
environments (IC). After all, EC and IC environments [7, 10, 
27] differ greatly in terms of the opportunities for learning 
they afford. Moreover, the anatomical and biochemical brain 
changes caused by environmental enrichment [1, 9, 15, 22, 
25, 29] are, in many respects, consistent with the notion of 
enhanced learning capacity in EC animals. 

The literature on the subject is equivocal however [5]. 
Whilst there are many reports of apparently enhanced learn- 
ing in EC rats [13, 16, 30] there are also reports of IC 
superiority (2, 4, 17] and of EC-IC equivalence [8, 12, 20]. In 
part the discrepant findings are due to difficulties in separat- 
ing out, experimentally, differences in learning capacity per 
se from those in performance-related variables such as sen- 
sory and motor capacities, motivation and arousal and activ- 
ity levels. 

The present experiments seek to analyse EC/IC perform- 
ance differences in a simple Skinner box lever press training 
procedure using a composite reinforcer. In particular the hy- 
pothesis that the behaviour of EC and IC rats may be differ- 
entially reinforced by the same response-contingent events 
will be examined. 

The point of departure of these experiments is an earlier 
report of Lamden and Rose [17]. This showed the perform- 
ance of IC rats to be clearly superior to that of EC counter- 
parts in a Skinner box training procedure in which the rein- 
forcement was built up, by stages, to include one second of 
illumination of the white perspex roof of the test chamber 
and a pellet of food as well as the incidental auditory stimuli 
of the operation of the pellet dispenser and the operation of 
the lever microswitch. 


The very clear EC/IC difference in this composite rein- 
forcement situation merits further investigation for a number 
of reasons. Firstly, the IC performance superiority observed 
by Lamden and Rose was both clear cut and counter- 
intuitive. If Skinner box training using this type of composite 
reinforcer represents genuinely enhanced learning capacity 
in IC rats, the finding will represent a very real contribution 
to the debate about whether environmental enrichment in- 
fluences learning ability. Secondly, since a major focus of 
the anatomical brain changes observed after environmental 
enrichment is the occipital cortex, any clear evidence of 
EC/IC learning differences when the reinforcer is partly vis- 
ual is of potential importance. Thirdly, if as has been 
suggested [21] the direction and extent of the EC/IC differ- 
ence can be altered by varying the intensity of the reinforcing 
light, (i.e., if there is an EC/IC difference in reinforcement 
effects), the potential exists here for equating reinforcers for 
EC and IC subjects in future studies of environmental 
enrichment effects on learning. The need for definitive 
studies in this area is perhaps particularly pressing at the 
present time in view of growing interest in practical applica- 
tions of EC/IC findings, for example, in the fields of mental 
retardation, memory impairments, aging processes and 
amelioration of the consequences of brain damage [22]. 


GENERAL METHOD 
Subjects 


Subjects were 162 male hooded Lister rats. All were bred 
in our own laboratory from females supplied by OLAC 
(1976) Ltd. Subjects were weaned at 19-21 days and then 
transferred to the environmental rearing conditions for a 
period of 30 days. Care was taken to ensure that the males 
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from each litter were equally distributed between enriched 
and impoverished environments. Upon being removed from 
the environments at the age of 49-51 days subjects were 
individually housed for a further 7 days before training be- 
gan. During this period subjects were introduced to a food 
deprivation schedule, consisting of a 90% maintenance diet. 
Subjects were kept on this diet, with the exception of ad lib 
feeding at weekends, throughout the training period. 


Environments 


The enriched and impoverished environments employed 
in the present experiments were the same as those described 
by Lamden and Rose [17] and were based upon the environ- 
ments used by Rosenzweig and colleagues [23,26]. The 
enriched environment consisted of a 70x70x48 cm group 
cage containing shelves, ladders and various ‘toys.’ The im- 
poverished environments were 312025 cm individual 
cages. The enriched environment was positioned on the floor 
of the busiest part of the colony room thus maximising 
extra-cage stimulation. The impoverished environments, on 
the other hand, were placed on a 2.5 metre high shelf in order 
to minimize such sensory stimulation. The room in which the 
enriched and impoverished environments were situated was 
maintained on a 12-hour light on, 12-hour light off cycle. 


Training Apparatus 


The training procedures in all experiments were carried 
out in 24x 18x17 cm Skinner boxes which were enclosed 
within sound attenuating chambers containing both ventila- 
tion fans and lamps for providing the reinforcement illumi- 
nation. The lamps were connected to variable voltage meters 
so as to provide, as required, dim (53 foot lamberts), medium 
(750 foot lamberts) or bright (2,500 foot lamberts) illumina- 
tion of the white perspex roof of the Skinner box. The oper- 
ation of the boxes was automatically controlled. The training 
apparatus is shown diagrammatically in Fig. 1. 


EXPERIMENT | 


Lamden and Rose [17] added in the components of the 
composite reinforcer as the lever press training progressed. 
Thus to the unavoidable response contingent stimulation 
(tactile stimulation from pressing the lever and auditory 
stimulation from the lever microswitch) was added, firstly, 
the sound of the pellet dispenser operating (but no food), 
secondly, one second of illumination and, finally, one pellet 
of food. 

The purpose of the present experiment was to assess 
more fully the true reinforcement value of each of these rein- 
forcement Components (excepting food) by examining their 
effects individually. 


METHOD 


Forty-five EC and 45 IC male hooded Lister rats, bred 
and reared in environments as previously described, were 
individually housed and placed on a food-deprivation 
schedule 7 days before the commencement of training. They 
were then equally divided among five reinforcement condi- 
tions (9 EC and 9 IC subjects per condition) and subjected to 
a training procedure extending over a 16 day period. Training 
sessions were at approximately the same time each day and 
lasted for 30 minutes. 

Reinforcement in Condition 1 was confined to the sound 
of the lever microswitch and whatever tactile stimulation 
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FIG. 1. Diagram of operant training apparatus. 


was caused by lever pressing. This incidental reinforcement 
was, of course, contingent upon every lever press. In Condi- 
tion 2 this incidental reinforcement was supplemented by the 
sound of the operation of the pellet dispenser (but no food) 
which was delivered according to the following sequence of 
schedules: CRF (Days 1-5), FR3 (Days 8-9), FR6 (Days 
10-12 and 15-16). No training was carried out on Days 6, 7, 
13 and 14 and subjects were fed ad lib during these periods. 
In reinforcement Conditions 3, 4 and 5 the incidental rein- 
forcement and the pellet dispenser noise (but no food) was 
supplemented by one second of illumination of the white 
perspex roof of the operant chamber. Low, medium and high 
light levels were used in Conditions 3, 4 and 5 respectively. 
The response-contingent light was delivered according to the 
same reinforcement schedules as the pellet dispenser noise. 

Reinforcement Conditions and training schedules are 
summarized in Table 1. 


RESULTS 


Figure 2 shows the learning curves for EC and IC rats 
under the different reinforcement conditions. Examination 
of the figure suggests not only generally higher rates of re- 
sponding among IC rats and response-rate differences be- 
tween reinforcement conditions, but also clear EC/IC differ- 
ences in how response rates are influenced by variations in 
the composite reinforcer. 

These learning curve data were subjected to a 3-factor 
ANOVA with repeated measures on one factor. From the 
analysis it is clear that, overall, IC rats bar press significantly 
more frequently than do their EC counterparts, 
F(1,80)=15.18, p<0.001. Clearly the medium light rein- 
forcement condition proved an exception to this, there being 
no EC/IC difference in this case. The apparent reversal of 
EC and IC positions in this condition did not prove to be a 
statistically significant effect, however. (Mann Whitney 
one-tailed tests (nl=n2=9) carried out on EC and IC per- 
formance on the last two training days yielded a U value of 
40, p>0.05.) 

The analysis also revealed differences in response rates 
between the reinforcement conditions, F(4,80)=12.10, 
p<0.001, demonstrating that the different types of reinforcer 
were, indeed, differentially reinforcing. Particularly, this re- 
sult reflected the depressed levels of responding under bright 
light reinforcement. However, most groups of animals 
showed clear learning curves across the three reinforcement 
schedules, F(2,160)=37.38, p<0.001, although here again 
differences between reinforcers were reflected in a significant 
reinforcement schedule by reinforcement condition interac- 
tion, F(8,160)=2.71, p<0.01. 





ENVIRONMENTAL EFFECTS ON LEARNING 


TABLE 1 
REINFORCEMENT CONDITIONS AND TRAINING SCHEDULES EMPLOYED IN EXPERIMENT |! 





Condition Condition Condition Condition Condition 





Reinforcer 
Days 1-5 


Days 6-7 


Days 8-9 
Days 10-12 


Days 13-14 
Days 15-16 


(M) + P (M) + P + L(1) 
(CRF)CRF (CRF) CRF CRF 


No Training—ad lib 


(CRF) FR3 (CRF) FR3 FR3 
(CRF) FR6 (CRF) FR6 FR6 


No Training—ad lib 
(CRF) FR6 (CRF) FR6 FR6 


(M) + P + L{m) 
(CRF) CRF CRF 


(M) + P + L(h) 
(CRF) CRF CRF 


(CRF) FR3 FR3 
(CRF) FR6 FR6 


(CRF) FR3 FR3 
(CRF) FR6 FR6 


(CRF) FR6 FR6 (CRF) FR6 FR6 





M—Microswitch noise and other unintended reinforcement. 


P—Pellet dispenser noise. 


L—Illumination of chamber roof (h—high; m—medium; low). 
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FIG. 2. Learning curves for EC and IC rats trained in the different 
reinforcement conditions (Experiment 1) (M=microswitch noise; 
P=pellet dispenser noise; L/L=low intensity light; L/M=medium 
intensity light; L/H=high intensity light). 


The consequences of different levels of reinforcing light 
and their differential effects on EC and IC subjects can be 
very clearly seen in Fig. 3. This shows mean bar presses per 
day on the last two days of FR6 training for EC and IC rats in 
the three light reinforcement conditions (Conditions 3, 4 and 5). 

A two-factor ANOVA carried out on these data revealed 
highly significant EC/IC differences, F(1,48)=13.83, 
p<0.001, and light level differences, F(2,48)=25.42, 
p<0.001. Additionally it revealed a significant environment 
by light level interaction, F(2,48)=4.92, p<0.01, confirming 
the differential reinforcement effect on EC and IC rats. 

In summary three findings emerge from the first experi- 
ment. Firstly, even in conditions of minimal reinforcement 
IC animals bar press at significantly higher rates than do EC 
counterparts. Secondly, as the intensity of the light compo- 
nent of the composite reinforcer is increased beyond a cer- 
tain point, so bar press rates decline. Thirdly, EC and IC rats 
differ significantly in the way their behaviour is influenced 
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FIG. 3. Mean bar presses per day over the last two days of FR6 
training for EC and IC rats trained in reinforcement conditions 3, 4 
and 5. (Experiment 1) (M=microswitch noise; P=pellet dispenser 
noise; L/L=low intensity light; L/M=medium intensity light; 
L/H=high intensity light). 


by the changing reinforcement, IC animals being less influ- 
enced by such changes than EC animals. 


DISCUSSION 


The results from the first experiment clearly support the 
hypothesis of EC/IC reinforcement differences. In this re- 
spect, and in finding IC bar press rates to be higher than EC 
rates, the present results are in accord with the earlier find- 
ings of Lamden and Rose [17]. However, the finding that the 
largest EC/IC difference (Condition 5) was due to light nega- 
tively reinforcing EC bar pressing rather than postively rein- 
forcing IC bar pressing was unexpected. 

Omitting food from the composite reinforcement in this 
experiment resulted in very low rates of lever pressing, gen- 
erally. It was felt that the reinforcement value of response- 
contingent light (whether positive or negative) might be more 
clearly apparent viewed against the higher baseline response 
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FIG. 4. Learning curves for EC and IC rats trained in the different 
reinforcement conditions (Experiment 2) (M=microswitch noise; 
P=pellet dispenser noise; F=food; L/0=no light; L/L=low intensity 
light; L/M=medium intensity light; L/H=high intensity light). 


rates which might be expected if food were to be added to the 
composite reinforcer. 
This possibility was examined in the second experiment. 


EXPERIMENT 2 


The second experiment was designed to examine EC and 
IC lever pressing performance when the composite rein- 
forcements employed in the first experiment were supple- 
mented by food. Specifically the aims of the experiment 
were, firstly, to investigate whether the EC-IC difference in 
response rate/light level functions, previously observed 
would persist under these enhanced reinforcement condi- 
tions, and secondly, to examine any positively or negatively 
reinforcing effect of response contingent light against the 
higher baseline response rate afforded by food reward. 


METHOD 


Thirty-six EC and 36 IC male hooded Lister rats (not used 
in Experiment 1), bred and housed as previously described, 
were equally divided among four reinforcement conditions. 
In all conditions every bar press was reinforced by the mi- 
croswitch noise and by tactile stimulation as described in Ex- 
periment 1. However, in Condition 1 of the present experi- 
ment this was supplemented by food (and pellet dispenser 
noise), and in Conditions 2, 3 and 4 by food and light (low, 
medium and high intensity, respectively). Reinforcements 
were delivered according to the same sequence of schedules 
as outlined in Table 1. All animals were maintained on a food 
deprivation schedule throughout the training period, except 
for being fed ad lib at weekends. 


RESULTS 


Figure 4 shows the learning curves of EC and IC animals 
under the different reinforcement conditions. 
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FIG. 5. Mean bar presses per day over the last two days of FR6 
training for EC and IC rats trained in reinforcement conditions 1, 2, 
3 and 4 (Experiment 2) (M=microswitch noise; P=pellet dispenser 
noise; F=food; L/0=no light; L/L=low intensity _ light; 
L/M=medium intensity light; L/H=high intensity light). 


Predictably the response rates of the food rewarded rats 
in the present experiment were considerably higher than 
those of rats trained without food reward in Experiment 1. 
However, the overall patterns of results from the two exper- 
iments were essentially similar, there again being clear 
differences both between EC and IC subjects and between 
reinforcement conditions. Again there was no evidence of a 
positively reinforcing effect of response-contingent light but, 
at higher intensities, a clear negative reinforcement effect. 

Analysis of variance of the learning data from the present 
experiment revealed a highly significant overall EC/IC 
difference, F(1,64)=19.61, p<0.001. The variations in the 
EC/IC relationship between reinforcement conditions which 
can be seen in Fig. 4 were reflected in a significant 
reinforcement condition by environment interaction, 
F(3,64)= 13.56, p<0.001. The analysis, of course, revealed 
clear evidence of learning, there being highly significant in- 
creases in bar press rates across reinforcement schedules, 
F(2,128)=270.01, p<0.001. However, there were also EC-IC 
differences in learning rates as evidenced by a significant 
environment by schedule interaction, F(2,128)=15.66, 
p<0.001. 

As noted above, whilst these data do not indicate any 
positively reinforcing effect of the light component of the 
light plus food reinforcer, it is clear that bar press rates are 
sometimes significantly reduced by the light. This effect is 
most apparent with EC animals in Conditions 3 and 4. Figure 
5, which shows mean daily response rates of EC and IC 
animals on the last two days FR6 training, illustrates this 
point. 

Analysis of variance carried out on these data revealed a 
highly significant EC/IC difference, F(1,64)=25.23, p<0.001, 
as well as a significant difference between the levels of rein- 
forcing light, F(3,64)=4.74, p<0.01, and a significant en- 
vironment by light level interaction, F(3,64)=9.40, p<0.001. 





ENVIRONMENTAL EFFECTS ON LEARNING 


It is of interest to note that Fig. 5 resembles Fig. 3 in showing 
that EC bar press rates are influenced much more than IC 
rates by increases in the intensity of the response contingent 
light. 

In summary, whilst differing in detail the results of Exper- 
iment 2 support the findings of Experiment | in revealing 
overall EC/IC differences in response rates over the learning 
period as well as differences between reinforcement condi- 
tions. As with Experiment | the results provide no support 
for response-contingent light being positively reinforcing al- 
though it is clear that, at certain intensities, it can be nega- 
tively reinforcing. Once again there is clear evidence of an 
EC/IC difference in response to the composite reinforcers, 
IC animals being less influenced by variations in the intensity 
of response contingent light than are their EC counterparts. 


DISCUSSION 


The present findings extend those of Lamden and Rose 
[17] in showing significant differences between the lever 
press rates of food-deprived EC and IC rats with a range of 
intensities of the light component of the composite rein- 
forcer. However, with the benefit of comparison with a 
non-light baseline reinforcement condition afforded by the 
present study, the detailed conclusion previously drawn 
must be amended. It is now clear that the IC superiority 
observed by Lamden and Rose at one particular level of 
reinforcing light was due to a negative reinforcement effect 
of contingent light for EC subjects rather than to a positive 
reinforcement effect for IC subjects. However, Lamden and 
Rose’s general conclusion that EC and IC rats respond dif- 
ferently to light reinforcement is firmly supported by the 
present results. 

This will be more fully discussed below. 


GENERAL DISCUSSION 


The data reported above reveal clear EC/IC differences in 
reinforcement effects. Both experiments show that bright 
light is not as negatively reinforcing for IC as for EC rats. 
More generally, IC bar press rates are less influenced than 
EC rates by variations in the intensity of response- 
contingent light. 

That EC and IC behaviour can be differentially reinforced 
by the same response-contingent event has obvious implica- 
tions for analysing learning differences in EC and IC rats. 

In seeking to explain these differential reinforcement ef- 
fects a number of possibilities merit consideration: 


Differences in Sensory Capacities of EC and IC Rats 


As has already been noted the anatomical differences be- 
tween EC and IC brains are most pronounced in the region of 
the occipital cortex. This at least raises the question of 
whether the visual capacities of EC and IC animals differ. 
Within the context of the present findings it is possible that 
IC rats are less influenced by the light variations than EC 
rats because they are less sensitive to the light component of 
the reinforcement. 

Although possible this is an unlikely explanation for a 
number of reasons. Firstly, of all visual capacities the ca- 
pacity to perceive brightness is the least likely to be influ- 
enced by change in the occiptal cortex [11]. Secondly, data 
from our own laboratory suggest that EC and IC rats do not 
differ in their brightness difference thresholds. Thirdly, 
whilst the present data show IC rats to be less influenced, 


1143 


generally, by variation in the intensity of response contin- 
gent light than EC rats, they do show IC rats to be influenced 
to some extent. Clearly this is inconsistent with the notion 
that they are seriously impaired in terms of their ability to 
detect light stimuli. 


Differences Between EC and IC Rats in Levels of Food 
Motivation 


The generally high levels of bar-pressing among the 
food-deprived IC animals in Experiment 2 as the intensity of 
the contingent light is increased, and as EC response rates 
fall, may possibly be explained in terms of IC animals being 
more food motivated than their EC counterparts. IC rats 
have higher body weights than do EC rats, of course [18, 19, 
24] and it has been noted that, in consequence, when on a 
deprivation schedule IC rats will be more food-motivated 
than EC ones [19]. The IC rats in Experiment 2 may have 
been sufficiently food-motivated, therefore, to bar press in 
spite of aversive light being contingent upon their responses. 

This explanation is also unlikely, however, since IC re- 
sponse rates were less influenced than EC rates by variation 
in light levels in Experiment | where food did not form part 
of the reinforcement. 


Differences Between EC and IC Rats in Basic Activity Levels 


Experiment 1 has shown that, even in the absence of 
intentional reinforcement such as food and light, IC response 
rates exceed EC response rates. It is possible that this 
merely reflects a basic EC/IC activity difference, the higher 
activity of IC rats resulting in a high level of accidental lever 
presses. 

Certainly EC/IC activity differences have been reported 
in many situations [2, 6, 14, 28]. However, the levels of 
response difference observed in Experiment | could hardly 
explain the much greater EC/IC differences observed in the 
food deprived animals in Experiment 2. In any case if the 
only factor operating here were an EC/IC difference in basic 
activity one would expect the bar press/light level functions 
for EC and IC rats to be parallel, although clearly separated. 
Such a parallel arrangement is not a characteristic of the data 
so far presented. 


Differential Effects Upon EC and IC Rats of Incidental 
Stimulation, Contingent Upon Bar Pressing 


The EC/IC difference in response rates noted in Condi- 
tion 1 of Experiment | can be interpreted as reflecting factors 
other than a difference in basic activity levels in EC and IC 
rats. Although in that instance neither food nor light was 
contingent upon bar pressing, responding was reinforced by 
apparatus noise and tactile stimulation. The observed EC/IC 
difference in response rates may be due to this incidental 
response-contingent stimulation being more reinforcing for 
IC than for EC animals. It is, of course, impossible to elimi- 
nate all response-contingent stimulation other than the in- 
tended reinforcer. Thus the actual reinforcement in any op- 
erant situation is likely to be a complex mixture of elements. 
However, it is intuitively unlikely that the incidental 
response-contingent stimulation in the present situation, 
even if more reinforcing for IC than EC rats, could explain 
the results. Firstly, this incidental reinforcement was con- 
tinuous and not delivered according to the sequence of 
schedules across which learning could clearly be seen to 
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occur: Secondly, the increasing EC/IC response difference in 
both Experiments | and 2 was clearly light-related. 


Differential Use of Light by EC and IC Rats 


That IC rats maintain baseline levels of bar pressing for 
intensities of contingent light which are clearly aversive to 
their EC counterparts, raises the possibility that the light-on 
periods have a totally different significance for the two types 
of animal. For example, whereas for EC rats the light may be 
simply a more or less aversive contingent event, for IC rats it 
may additionally be used as an opportunity for visual explo- 
ration of the environment. As such the intensity of the re- 
sponse contingent light would be of less importance to IC 
than to EC animals (although even for IC rats there would 
presumably come a point when the light would become 
aversive). Indeed that for IC subjects learning curves (Fig. 4) 
vary so little as the intensity of the response-contingent light 
is varied suggests that the important parameter of the light 
component of the composite reinforcer may, for IC rats, be 
length rather than intensity. 

Such an interpretation is consistent with the ‘stimulus- 
seeking’ hypothesis [3,17] regarding EC/IC behavioural 
differences. According to this, as a result of early partial 
visual deprivation, the post-environment behaviour of IC 
rats is to some extent aimed at maximising visual stimula- 
tion. 

One argument which appears to militate against this in- 
terpretation of the present findings is that if IC rats were 
‘stimulus-seeking’ one might expect the addition of light to 
the composite reinforcer to significantly raise their response 
rates above the non-light baseline performance level. In 
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neither experiment was such an elevated response rate ob- 
served. However, this is not necessarily inconsistent with 
the stimulus-seeking hypothesis. It is quite conceivable that 
for IC rats, as for EC ones, the actual response-contingent 
light is to a greater or lesser extent aversive but in the case of 
IC rats the reinforcement value of the opportunity for visual 
exploration serves to counteract this aversive effect. In these 
circumstances response rates above the non-light baseline 
would not necessarily be expected. Indeed with dim light 
which does not so clearly facilitate visual exploration one 
would expect response rates to be below this baseline. Such 
a situation is clearly apparent in Fig. 5. 

It is clear that the differential reinforcement effects in EC 
and IC rats observed in the present experiments cannot be 
wholly explained by differences in visual capacity, food 
motivation or basal activity, or in terms of differential re- 
sponse to incidental reinforcers in the test situation. A more 
likely explanation is to be found in the suggestion that EC 
and IC rats differ in their use of the response-contingent light 
period. Indeed the present results are entirely consistent 
with this stimulus-seeking hypothesis regarding the be- 
havioural differences between EC and IC rats. 

The present results provide unequivocal support for the 
hypothesis that EC and IC rats differ significantly in terms of 
what most efficiently reinforces their behaviour. Any at- 
tempt to compare EC and IC learning must take due account 
of this. However, the present experiments have served to 
define an operant training procedure in which it is possible to 
select reinforcers which can be shown to be equivalent for 
EC and IC rats. The use of such empirically equated rein- 
forcers should help considerably in investigating EC/IC 
differences in learning capacity per se. 
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SHIVELY, C. A., J. R. KAPLAN AND M. R. ADAMS. Effects of ovariectomy, social instability and social status on female 
Macaca fascicularis social behavior. PHYSIOL BEHAV 36(6) 1147-1153, 1986.—The effects of ovariectomy, social instabil- 
ity and social status on affiliative and agonistic behavior were studied in 44 females housed in 10 unimale groups. Five of the 
groups contained ovariectomized females and five groups contained intact females. The membership among three groups of 
intact females (n= 13) and three groups of ovariectomized females (n= 13) was reorganized every three months (unstable), 
and the other groups were left undisturbed (stable) for the 22 month study. The behavior of each female was recorded 
during 160 (stable) or 190 (unstable) 15 min focal observations of each subject. The social status of each female was 
determined by outcomes of agonistic interactions. It was hypothesized that the effects of social instability and status would 
be more pervasive than the effects of ovariectomy. It was found that ovariectomy reduced interfemale affiliation and 
increased male-female agonism. Social instability increased submissions to males and females and time spent alone, and 
decreased interfemale affiliation. Dominant animals were more aggressive and less submissive than subordinates. Thus, 
ovariectomy influenced both isosexual and heterosexual social interaction, implying mediation of these behaviors, at least 


in part, by ovarian hormones. 


Macaque Social behavior Ovariectomy 


Social disruption 


Social status 





SCIENTISTS working with nonhuman primates have long 
recognized the possibility that reproductive hormones and 
social behavior interact and influence each other. For 
example, social status and environments have been observed 
to affect reproductive hormones in male [7] and female Old 
World monkeys [15]. Natural cyclic fluctuations in circulat- 
ing gonadal hormones have been observed to be associated 
with cyclic changes in the social and sexual behavior of male 
[7] and female monkeys [10, 18, 20, 25]. Investigators have 
also sought to study the association between gonadal hor- 
mones and behavior experimentally by altering hormonal 
status, either by gonadectomy or exogenous administration 
of reproductive steroids. While the experimental approach is 
advantageous in terms of reliability and internal validity, the 
ability to draw general conclusions from these studies, 
especially those of females, has been limited because usually 
only sexual behavior was observed, and then only in highly 
constrained social situations such as paired tests [16,27]. 
Little experimental data is available on the effects of female 
hormones on social behavior in complex social situations. 
The major objective of this study was to determine the 
extent to which ovariectomy affects social behavior in the 
presence of other proximate behavioral influences in adult 
cynomolgus monkeys living in unimale-multifemale groups. 
The current study is unique in that it involved a relatively 
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large number of ovariectomized (N=21) and intact (N=23) 
females living in two disparate social conditions. One condi- 
tion involved periodic social reorganization (social instabil- 
ity) while the other involved permanent grouping (social 
stability). Thus the effects of a hormonal manipulation alone 
and in combination with a social manipulation were studied. 
Examination of the potential effects of ovariectomy in more 
than one social context seemed particularly important in 
view of recent observations that the same hormonal manipu- 
lation can result in different behavioral responses under dif- 
ferent environmental conditions [24]. It was our initial hy- 
pothesis, based on the findings of Berstein ef al. [7], that the 
effects of social instability and social status would be more 
pervasive than the effects of ovariectomy on social behavior. 


METHOD 
Animals 


There were originally 54 feral, adult female M. fascicularis 
in this study, 27 of which were ovariectomized. Intact and 
ovariectomized females were segregated and lived in groups 
initially consisting of four to six females and one adult male. 
The males living with intact females were vasectomized to 
prevent pregnancies. The monkeys lived in 1.67x3.33 2.46 
m aluminum enclosures with outdoor exposure; they were 





TABLE 1 
BEHAVIORS OF M. FASCICULARIS 
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TABLE 2 
BEHAVIOR INDICES 





Category Behavior 





Aggression 
Contact Slap/grap/push 
Grapple 


Bite 


Noncontact Open-mouth threat 
Stare threat 
Chase 


Supplant 


Submission Lip smack 

Be supplanted 
Cower 

Flee 

Avoid 
Grimace 
Scream 
Present 


Affiliation Groom 
Passive body contact 


Alone 





thus exposed to natural light/dark cycles. These animals 
were subjects in a concurrent experiment designed to inves- 
tigate the effects of ovariectomy on atherosclerosis [2]. The 
only manipulation specific to the atherosclerosis experiment 
was the feeding to all animals of a diet, containing 0.4 mg 
cholesterol/Cal and 40% of calories as fat, formulated to 
mimic the nutritional composition of the typical North Amer- 
ican diet. There are no reported behavioral or endocrine ef- 
fects of this type of diet. 


Social Manipulation 


The introduction of strange monkeys to established social 
groups is a potent stressor for macaques [4, 5, 6]. In this 
experiment social disruption was employed as an experi- 
mental variable by redistributing intact females among three 
groups (n=17) and redistributing ovariectomized females 
among three groups (n=17) every 12 weeks for 22 months 
(eight reorganizations). These six manipulated groups were 
designated as unstable while the remaining two groups of 
intace females (n=10) and two groups of ovariectomized 
females (n=10) were not manipulated and thus were desig- 
nated as stable. During the study nine monkeys died of 
causes unrelated to the experiment and the data of one 
ovariectomized monkey was not used as she was found, at 
necropsy, to have a portion of intact ovary. The final sample 
sizes of each experimental group were as follows: (1) intact, 
stable, n= 10; (2) intact, unstable, n= 13; (3) ovariectomized, 
stable, n=8; and (4) ovariectomized, unstable, n= 13. 


Behavioral Observations 


The behavioral repertoire of macaques is well known. 
The majority of behavioral patterns in a social context may 
be categorized as aggressive, submissive, or affiliative, and 
can be described by a relatively limited number of stereo- 





Behaviors Listed 
in Table 1 that are 
Included in Index 


Behavior Index 


(Female Actors) Definition 





1. Aggression 
to Females 


All behaviors in 
category 
Aggression 


Rate of aggression directed 
at females 


. Submission 
to Females 


Rate of submission directed All behaviors in 
at females category 
Submission 


All behaviors in 
category Contact 
Aggression 


All behaviors in 
category 
Submission 


. Contact 
Aggression 
to Females 


Rate of contact aggression 
directed at females 


. Submission 
to Males 


Rate of submission to male 


. Groom 
Females 


Proportion of time spent Groom 


grooming females 


. Groom 
Males 


Proportion of time spent Groom 


grooming the male 


. Contact 
Females 


Proportion of time spent in 
passive body contact with 
females 


Passive body 
contact 


. Contact 
Males 


Proportion of time spent in 
contact with the male 


Passive body 
contact 


. Alone 


Proportion of time spent Alone 


alone 





typed motor patterns. [19]. The methods used to identify and 
record these behavioral motor patterns in cynomolgus 
macaques have been described previously [1,13]. Briefly, the 
occurrence of 17 behaviors (Table 1) was recorded by tech- 
nicians using a focal sampling technique [3] and an electronic 
data collection device (Electro General Corporation, Min- 
netonka, MN). 

Grooming data were not collected separately until the 
third reorganization period. Before this, the percentage of 
time each animal spent grooming was combined with the 
percentage of time that animal spent in passive body contact. 
The percentage of time each animal spent grooming and in 
passive body contact during the last six social reorgan- 
izations were combined and then correlated with the (com- 
bined) measure from the first two social reorganizations. The 
correlation was high (r=0.91, p<0.05), indicating that af- 
filiative behavior, as a whole, was relatively consistent 
across the experiment. Further, there was no difference be- 
tween the first two, and the last six social reorganizations in 
the percentage of time spent in total affiliation. Based on this 
finding, separate contact and grooming indices were used 
from the last six social reorganizations (75% of the experi- 
ment) as representative of the extent of affiliaton across the 
experiment. 

Males were not sampled focally; their behavior appeared 
as part of the records of females. Following data collection, a 
PDP 11-44 computer was used to tabulate matrices of com- 





OVARIECTOMY, SOCIAL INSTABILITY, SOCIAL STATUS 
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Frequency / Hour 


























Dominant Sub- Dominant Sub- 
ordinate ordinate 
(n =9) (n=9) (n = 12) (n= 14) 


Stable Unstable 


FIG. 1. Female submission to females (Mean, SE). Social condition: 
F(1,36)=7.5, p<0.01. Social status: F(1,36)=33.9, p<0.001. 


munication (aggression, submission, body contact, groom- 
ing) and to calculate the rates of performance of behaviors as 
frequencies per monkey per hour for agonistic behaviors and 
as a percentage of time per monkey for affiliative behaviors. 
One hundred and sixty focal observations of 15 minutes each 
were made on each animal in the stable groups (n=18, 720 
hours total), while 190 such samples were obtained from 
each of the females in the unstable groups (n=26, 1235 hours 
total). Observations were recorded at comparable times of 
the day for intact and ovariectomized females, and for stable 
and unstable groups. 


Determination of Social Status 


As in previous experiments, social status rankings were 
determined on the basis of outcomes of aggressive interac- 
tions and not on the rates of performance of aggressive be- 
haviors or on their severity [12]. The female in each group 
that defeated all others, as evidenced by her ability to consis- 
tently elicit submissive responses, was designated as the 
first-ranking monkey. The female that defeated all but the 
first-ranking monkey was designated as the second-ranking 
monkey, etc. In general, dominance relationships within 
groups were transitive, i.e., if Monkey 1 was dominant to 
Monkey 2 and Monkey 2 was dominant to Monkey 3, then 
Monkey | was dominant to Monkey 3 also. 

The following procedure was used to determine a domi- 
nance score for each monkey. First, the number of animals 
over which a given monkey was dominant was recorded as a 
dominance score for that monkey in each 12-week observa- 
tion period. These scores were next averaged for each mon- 
key over all eight observation periods. Those monkeys hav- 
ing an average score greater than 2.0 (i.e., those monkeys 
that were, on average, first- or second-ranking in their 
groups) were designated as dominant animals in the experi- 
ment, while those having an average score of 2.0 or less were 
labeled as subordinate [2,13]. 


Analysis 


For purposes of analysis, the individual social behaviors 
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Dominant Sub- 
ordinate 


(n = 21) (n = 23) 


FIG. 2. Female aggression to females (Mean, SE). Social status: 
F(1,36)=26.3, p<0.01. 


were combined into the 9 indices noted in Table 2. The 
analysis was done in two steps. First, all of the behavioral 
indices were initially analyzed with a 2x22 (Social Status- 
by-Social Condition-by-Ovarian Condition) analysis of vari- 
ance (ANOVA). Significant interaction effects were further 
analyzed with post-hoc Tukey tests [14]. While ANOVA of 
independent groups tends to be robust with respect to the 
assumption of homogeneity of variance, all variables under- 
went logarithmic transformation to meet this assumption, 
primarily because of smali and unequal sample sizes [14]. 


RESULTS 
Agonism and Affiliation Among Females 


Rates of submission, total aggression, and contact ag- 
gression were used as indices of agonism among females. 
The three-way ANOVAs indicated that social condition 
(stable, unstable groupings) and social status (dominant, 
subordinate), but not ovarian condition (intact, ovariec- 
tomized), affected interfemale agonism. As depicted in Fig. 
1, females in unstable social groups submitted at a higher 
rate than did those in stable groups, F(1,36)=7.5, p<0.01, 
and subordinate females submitted to other females at a 
higher rate than did dominants, F(1,36)=33.9, p<0.001. 
However, the effects on rates of submission did not corre- 
spond completely with the effects on rates of aggression. 
Social dominance, but not social instability, was associated 
with increased rates of total aggression, F(1,36)=26.3, 
p<0.01, (Fig. 2) and contact (biting, grabbing) aggression, 
F(1,36)= 19.51, p<0.01, (Fig. 3). 

Passive physical contact (animals sitting together in con- 
tact but not doing anything else) and grooming were the two 
indices of affiliation among females. These behaviors ac- 
counted for 19% and 3% of the animals’ time, respectively. 
The three-way ANOVA of the grooming data indicated both 
main and interaction effects for social condition and ovariec- 
tomy (social condition: F(1,36)=14.39, p<0.001; ovariec- 
tomy: F(1,36)=8.07, p<0.01; social condition x ovariec- 
tomy: F(1,36)x4.57, p<0.05). A post hoc analysis of these 
data showed that the intact females from stable groups were 
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Dominant Sub- 
ordinate 
(n = 23) 





(n= 21) 


FIG. 3. Female contact aggression to females (Mean, SE). Social 
status: F(1,36)=19.51, p<0.01. 
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Intact Ovari- Intact Ovari- 
ectomized ectomized 
(n=10) (n=8) (n= 13) (n= 13) 


Stable Unstable 


FIG. 5. Female submissions to the male (Mean, SE). Ovariectomy: 
F(1,36)=26.17, p<0.001. Social condition: F(1,36)=10.71, p<0.01. 


grooming at a significantly higher rate than any other subset 
of females (p=0.05). The other subsets of females (ovariec- 
tomized from stable and unstable groups, and intacts from 
unstable groups) could not be differentiated (Fig. 4). Social 
status appeared to have no effect on grooming pattern. While 
there were no main effects on passive physical contact, there 
was a three way interaction, F(1,36)=6.89, p<0.05. How- 
ever, post hoc comparisons revealed no significant differ- 
ences between any of the groups (p>0.05). 


Interactions with Males 


As females rarely attacked males, the rate at which 
females exhibited submissive gestures to males was used as 
an index of heterosexual agonism. Rates of female submis- 
sions to the male were affected by social condition and 
ovariectomy, but not by social status. As shown in Fig. 5, 
ovariectomized females submitted more frequently than in- 
tact females, F(1,36)=26.17, p<0.001, while animals from 
unstable groups submitted more frequently than animals 
from stable groups, F(1,36)=10.71, p<0.01. A further 
analysis was done to determine whether the causes of in- 
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intact Ovari- 
ectomized 


(n=10) (n=8) (n=13) (n=13) 


Stable Unstable 


FIG. 4. Female grooming females (Mean, SE). Social condition: 
F(1,36)= 14.39, p<0.001. Ovariectomy: F(1,36)=8.07, p<0.01. So- 
cial condition x ovariectomy: F(1,36)=4.57, p<0.05. Intact females 
> any other subset: Tukey’s p=0.05. 
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Intact Ovari- 
ectomized 
(n=23) (n=21) 


FIG. 6. Female submissions in response to male contact aggression. 
(Mean, SE). Ovariectomy: F(1,40)=4.78, p<0.03. 


creased rates of submission were the same in the unstable 
and ovariectomized groups. Increased rates of submission to 
the male could have been a response to increased rates of 
male aggression, or females may have been more likely to 
emit appeasement gestures. While the behavior of the male 
was not measured directly through focal sampling, his behav- 
ior did appear in the female focal samples as the ‘‘cause’’ of 
submission. A three-month subset of these data was 
analyzed and it was found that male aggression caused more 
female submissions in unstable, as compared to stable 
groups, F(1,40)=5.81, p=0.02, and in ovariectomized, as 
compared to intact, females, F(1,40)=4.39, p=0.04. Male 
contact aggression was the cause of submissions more fre- 
quently in ovariectomized, than intact, females, 
F(1,40)=4.78, p=0.03, (Fig. 6). There was no difference be- 
tween females in stable and unstable groups in the frequency 
with which submissions were caused by male contact ag- 
gression, F(1,40)=0.76, p=0.39. Thus, both ovariectomized 
females and females living in unstable groups were, in gen- 
eral, displaying submissive gestures more frequently in re- 
sponse to male aggression. However, ovariectomized 
females were also submitting more frequently in response to 
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Dominant Sub- 
ordinate 
(n=21) (n=23) 


FIG. 7. Female grooming males, (Mean, SE). 
F(1,36)= 17.36, p<0.001. 


Social status: 


increased rates of male contact aggression. Thus, ovariec- 
tomized females (but not those living in unstable groups) 
appeared to be the target of more male contact aggression. 

Affiliation with the male, like affiliation among females, 
was indicated by passive physical contact and grooming. 
Social status and social condition were associated signifi- 
cantly with differences in these two activities, which occu- 
pied 4% and 2% of the females’ time, respectively. Time 
spent grooming was affected by social status only, with 
dominant females grooming the male more than did subordi- 
nates, F(1,36)= 17.36, p<0.001, (Fig. 7). There was a statisti- 
cal interaction between social condition and social status in 
their effects on passive contact, F(1,36)=8.54, p<0.01. Post 
hoc testing revealed that subordinate females in unstable 
social groups were in contact with the male for less time than 
were dominant animals in the unstable social groups 
(p=0.05), while dominants and subordinates in the stable 
groups did not differ in this measure (Fig. 8). 


Nonsocial Behavior 


Nonsocial behavior refers to the percentage of time that 
an animal spent ‘‘alone,’’ that is, not within touching dis- 
tance of any other animals. The females in this experiment 
were found to be alone an average of 58% of the time. A 
three-way ANOVA indicated the existence of a social con- 
dition effect, with monkeys from unstable groups spending 
significantly more time alone than their counterparts from 
stable social groups, F(1,36)=12.1, p=0.001 (Fig. 9). 


DISCUSSION 


The major objective of this experiment was to determine 
the extent to which ovariectomy affects social behavior in 
the presence of other proximate behavioral influences (social 
status, group stability). Other workers have hypothesized 
that the influence of gonadal hormones on the social behav- 
ior of primates is as much a function of the social history and 
environment of the animals as it is of the hormone levels 
themselves [7]. This suggestion is based on the observation 
that increasing complexity in the social situation is generally 
accompanied by a reduction in the extent to which gonadal 
factors affect social and sexual behaviors, and by an in- 
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ordinate dinate 
(n=9 (n=9) (n=12) in=14 


Stable Unstable 


FIG. 8. Female passive physical contact with males (Mean, SE). 
Social condition x social status: F(1,36)=8.54, p<0.01. Subordi- 
nate, unstable females < dominant, unstable females, p<0.05. 




















Stable Unstable 
(n=18) (n=26) 


FIG. 9. Female time spent alone (Mean, SE). Social condition: 
F(1,36)= 12.1, p=0.001. 


crease in the influence of the social environment and social 
status [6, 10, 23, 24]. Our data support this hypothesis, but 
only in part. While social environment and social status both 
had effects on social behavior, ovariectomy also had inde- 
pendent as well as interactive effects on behavior. Compar- 
ing and contrasting these different effects helps identify, with 
more precision, the various ways in which macaque social 
interaction patterns may reflect proximate influences. 
Close interindividual bonds generally characterize the af- 
filiative relations among adult female macaques [11]. The 
data suggest that the ability to form and maintain such bonds 
may be subject to disruption by proximal factors as both 
ovariectomy and social instability were associated with di- 
minution of grooming among females. A closer examination 
of these same data suggest that the similar effects of ovariec- 
tomy and social instability on affiliation may have had differ- 
ent origins. The decline in social grooming among animals in 
unstable groups (intact and ovariectomized) may have been 
due to increased social tension and uncertainty brought 
about by the repeated reorganization. This suggestion is 
supported by the finding that both the rates of submission 
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and the percent of time spent alone by females in unstable 
groups were higher than those observed among their stable 
counterparts. In contrast, the decrease in grooming observed 
among ovariectomized females was not associated with any 
alteration in the agonistic interactions among females nor 
with the percentage of time spent alone. Thus, it appears that 
ir. the unstable groups, the increased social anxiety reflected 
by increased rates of submission and interindividual dis- 
tance, may have made it more difficult for animals to engage 
in long undisturbed grooming bouts. No such constraint af- 
fected the ovariectomized animals. Among these monkeys it 
is possible that the motivation to groom was lessened by the 
absence of gonadal hormones. This hypothesis is congruent 
with that of Wrangham [26] who suggested that female af- 
filiation is an integral part of the lifeway of macaques, as well 
as some other primates. It seems reasonable that physiolog- 
ical adaptations may be involved in this crucial aspect of 
macaque female social life. 

The major effects on agonistic interactions among the 
females were associated with social status. Dominant 
animals exhibited more overall aggression, more contact ag- 
gression and less submission than subordinates, even though 
social dominance was judged only on the outcomes, and not 
the frequency, of dyadic agonistic encounters. In small, 
confined groups such as those used in this experiment, the 
potential for status to constrain social behavior may be exag- 
gerated, compared to larger groups, because each member 
behaves in full view of all other group members all of the 
time. In larger groups, there is a greater opportunity for al- 
liance formation and avoidance of interactions, and factors 
such as kinship may come into play [6,21]. As shown above, 
social instability also affected agonism among the females. 
However, this effect was limited to submission and did not 
include alterations in aggression. The increase in submission 
without a corresponding increase in aggression implies that 
submissive gestures were more easily evoked from these 
females and, again, that they were relatively more anxious 
than their stable counterparts. The surprising aspect of these 
findings was that the absence of ovarian hormones was not 
associated with alterations in interfemale agonistic behavior, 
since studies of other animals have at times shown a rela- 
tionship between these two variables [9]. 

Affiliation and agonism between the males and females 
also were affected by the proximate factors under study, 
although the pattern of effects was different than for inter- 
female behavior. The social status effect seemed to pre- 
dominate in affiliative interactions, as dominant females 
groomed the male more than did subordinates under all ex- 
perimental conditions, and were in contact with him more 
than subordinates in unstable social groups. This suggests 
that dominant females were successfully sequestering the 
male from subordinates, particularly in unstable social situa- 
tions. This is not surprising, as low level interfemale compe- 
tition for proximity to the male has been observed in 
unimale—multifemale baboon groups [8]. While such overt 
competition is not generally reported in studies of macaque 
females in multimale groups, it may be that macaque females 
have the capacity for this behavior when placed in the ap- 
propriate social situation i.e., unimale social groups. With 
regard to female-male affiliation, it is perhaps noteworthy 
that ovariectomy was not found to alter the percentage of 
time that females spent with the males. Thus, ovariectomy 
apparently did not affect either the interest of the females in 
the male or their ability to approach him in affiliative con- 
texts. This finding is congruent with that of Slob et al. [23] 
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who observed no decrement in ovariectomized female af- 
filiative behavior to the male in laboratory pair tests of 
stumptail macaques (M. arctoides). 

Agonism between the males and females was affected 
markedly by both ovariectomy and social instability. How- 
ever, as with the data on interfemale affiliation, it appears 
that the effects of ovariectomy and instability might have 
originated from different processes. The increased submis- 
sion shown by ovariectomized animals was in response to 
contact aggression by the males. In contrast, females in un- 
stable groups were characterized by increased submission to 
males without increased contact aggression. Submissions in 
both ovariectomized females and those housed in unstable 
groups were associated with male aggression. As with the 
submission by females to other females, the relatively high 
frequency of submission by females to males within the un- 
stable groups might be yet more evidence of the increased 
tension associated with social instability. On the other hand, 
the increased contact aggression by the males to the ovariec- 
tomized females may indicate a hormonal effect. In this con- 
text, it would be useful to know exactly how the fights be- 
tween the males and ovariectomized females occurred. It is 
unclear from the current data whether the females were 
initiating behaviors that provoked the male, were responding 
inappropriately to his behavior, or were emitting physiolog- 
ical signals (e.g., pheromones) that enhanced their probability 
of becoming targets of aggression. 

Animals did not spend all of their time interacting with 
other animals. Instead, animals positioned themselves out of 
touching distance of other animals more than half of the 
time. This probably involved some effort as the pens were 
relatively small. The fact that time spent alone was associ- 
ated with social instability probably emphasizes, again, the 
generalized anxiety produced by instability. 

In general, the results observed here with respect to the 
effects of both social status and social instability on behavior 
in macaques are similar to results reported by other inves- 
tigators. In particular, Bernstein and his colleagues have 
commented extensively on the disruptions caused by the in- 
troduction of social strangers to each other or to established 
groups. Our study indicates that the behavioral effects of 
such disruptions may persist despite the increasing familiar- 
ity with both the manipulation and the animals involved due 
to repeated reorganization within a relatively small pool of 
animals. In contrast to studies evaluating the effects of status 
and instability on social behavior, only a few investigators 
have reported on the social behavior of ovariectomized 
female monkeys. One effect that has been observed by other 
investigators working with ovariectomized females is the in- 
crease in male aggression toward females. For example, in a 
short term study of group living bonnet macaques (M. 
radiata), Rassmussen found increased aggression of males to 
ovariectomized females. This effect was accompanied by 
decreased affiliation between males and females and in- 
creased agonism among the females [17]. A study of ovariec- 
tomized rhesus monkeys (M. mulatta) paired with males for 
testing also indicated increased male aggression toward the 
females [16]. On the other hand, recent work in the same 
laboratory with ovariectomized cynomolgus monkeys tested 
in pairings with males failed to show an increase in male 
aggression [27]. It is difficult to know which of these latter 
results indicate contradictory findings to our own study since 
none of these studies are comparable in terms of duration, 
numbers of individuals examined, or complexity of the social 
environment. Further work will be needed to show, for 
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example, the extent to which the observed effects on male 
aggression and female affiliation are robust, and whether 
they might be modified with exogenous steroid treatment. 
The specificity of effects also needs to be pursued, as not all 
aspects of the social relationships (agonistic, affiliative) 
among females and between females and males were af- 
fected. As recently suggested by Bernstein and his col- 
leagues [7]: ‘‘Studies of hormonal influences on behavior 
using primates living in social groups have only just begun.” 
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PARE, W. P. Prior stress and susceptibility to stress ulcer. PHYSIOL BEHAV 36(6) 1155-1159, 1986.—Rats were exposed 
to daily sessions of either restraint plus cold, forced exercise, or grid shock for one month and then subjected to the 
ulcerogenic effects of either supine restraint plus cold, or activity-stress. Chronic stress generally protected against stress 
ulcer but the protection depended on the degree of similarity between the pre-treatment stressor and the ulcerogenic 
procedure. Pre-treatment with restraint plus cold provided protection which applied not only to supine restraint plus cold 
but also generalized to activity-stress. Foot-shock pre-treatment did not significantly reduce restraint ulcer but it signifi- 


cantly exacerbated activity-stress ulcer. 


Activity-stress Restraint Stress ulcer 


Chronic stress Rat 





DEVELOPMENTAL variables influence an organism's 
susceptibility to stress ulcer. Prenatal maternal stress, early 
weaning and group versus isolated housing all function as 
predisposing factors to ulcer disease [1, 2, 5, 14]. The stress 
of early handling [17] influences the subsequent severity of 
restraint-induced stomach lesions. However, the research on 
the effects of early stress on subsequent stress-induced pa- 
thology suggests a certain specificity. For instance, prior 
exposure to restraint subsequently reduces the severity of 
restraint-induced lesions [6,13]; repeated exposure to mild 
foot-shock protected against later exposure to lethal foot- 
shock [18]; brief exposure to forced exercise reduced the 
severity of subsequent exercise-induced stomach lesions 
[8,13]; prior brief swimming experience reduced mortality in 
a subsequent swimming test [3]. These studies suggested that 
the prior stress manipulations provided the greatest immu- 
nity or protection only in those instances where the final 
stressor was a more intense form of the early stress experi- 
ence. On the other hand, there are reports which suggest that 
early stress experiences will typically have a generalization 
effect and provide some degree of immunity to any subse- 
quent stress-induced illness [4, 10, 11, 16). 

It is important to discern how developmental variables 
predispose to disease; to elaborate on possible mechanisms 
which might provide immunity or increase susceptibility to 
stress ulcer disease. The present report represents an at- 
tempt to evaluate the effects of various prior chronic stres- 
sors on subsequent incidence of stress ulcer. Rats were ex- 
posed to brief daily encounters of either restraint, forced 
exercise, or grid shock, and later subjected to the ul- 
cerogenic procedures of supine restraint plus cold or 
activity-stress. The rationale was that the chronic stressors 
of restraint and forced exercise were less intense versions of 
supine restraint plus cold and activity-stress respectively and 





thereby allowed us to test the specificity hypothesis. An- 
other chronic stressor, daily grid shock, was added because 
it was unrelated to the two ulcerogenic techniques, and 
would allow a test of the generalization hypothesis which 
states that any prior stress provides protection against sub- 
sequent pathogenic stressors. 


METHOD 
Subjects 


This study required 216 male Sprague Dawley rats. These 
were purchased from West Jersey Biological Supply Farm, 
Wenonah, NJ. Rats were 30-40 days old with a mean body 
weight of 116 g when they were delivered to the laboratory. 
These were housed in group cages for 20 days before the 
study was initiated. The mean body weight at the beginning 
of the study was 198. 


Apparatus 


The chronic stressors included restraint plus cold (R+C), 
forced exercise (FE), and foot-shock (FS). The restraint de- 
vices consisted of 1/4-in. hardware cloth tubes (diame- 
ter=3.8 cm; length=18 cm). Rods placed through the front 
and back end of the tube prevented the rat from moving 
either forward or backward within the tube. The cold com- 
ponent of the R+C condition was provided by a ventilated 
refrigerator which was maintained at 5°C. 

The forced exercise device consisted of a treadmill (War- 
ren E. Collins, Braintree, MA) which featured a continuous 
nylon belt which was 54 cm wide and had a top surface 89 cm 
long. This top surface was divided into 5 running alleys by 
stainless steel cages which were suspended over the belt. 
Each cage measured 10 cm wide, 9 cm high and 76 cm long. 


1Requests for reprints should be addressed to Dr. William P. Paré, VA Medical Center (15R), Perry Point, MD 21902. 
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FIG. 1. Outline of the experimental design. The abbreviations for 
the Phase 2 portion of the study are: A-S=activity-stress; 
SR+C=supine restraint plus cold; NS=no stress. 
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The cage tops were made of clear plastic and served as the 
entry doors. The floor of each oblong cage consisted of the 
nylon belt and when the belt was activated the rat in each 
cage was forced to run within its own cage. The motor driv- 
ing the belt was connected to a potentiometer whereby belt 
speed could be controlled. 

Foot-shock stress was provided via grid shock chambers. 
These measured 18x 18x 20.3 cm and were constructed with 
clear plastic walls and a grid floor consisting of brass rods 
spaced 1.25 cm apart. Scrambled shock was delivered 
through the grid floor from a Grason-Stadler Model E1064GS 
shocker scrambler. Each grid shock chamber was situated in 
a sound-attenuated enclosure which was illuminated with a 
7-W ceiling houselight. 

The ulcerogenic procedures required two devices. The 
equipment for the activity-stress (A-S) procedure simply in- 
cluded running-wheel activity cages (Wahmann Manufactur- 
ing Co., Baltimore, MD). Each activity wheel was equipped 
with an adjoining cage measuring 25x 15x 13 cm. Food was 
provided in a 100 cc jar which was affixed to the inside wall 
of this cage. A water bottle was secured to the outside of the 
cage with the drinking spout protruding into the cage. Wheel 
revolutions were recorded for each cage by a mechanical 
digital counter for each cage. 

The ulcerogenic restraint procedure utilized a plastic 
board 22x30 cm with cleats on all four corners and these 
cleats were used to secure the braided nylon tape which was 
attached to the animal’s limbs. Cold was provided by the 
same refrigerator described above. 


Procedure 


Phase 1—Pre-treatment, chronic stress. The experi- 
mental procedure involved two phases. This design is out- 
lined in Fig. 1. Rats were housed in individual cages and then 
randomly assigned to one of 3 chronic stress treatment 
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FIG. 2. Outline of the experimental procedure after the Phase 1 No 
Stress | conditions were pooled into one pre-treatment condition. Ab- 
breviations: A-S=activity-stress; SR+C=supine restraint plus cold; 
NS=no stress. 














groups (n=72). These 3 groups were chronic restraint plus 
cold (R+C), chronic forced exercise (FE) and chronic foot- 
shock (FS). Each of these 3 groups were further subdivided 
into two groups (n=36), a stress group and a no-stress con- 
trol group for Phase 1. 

On the basis of pilot studies, the R+C chronic stressor 
was administered in increasing stages of severity. These rats 
were immobilized in the wire mesh tubes for 2 hr for two 
consecutive days. For the next six stress days, restraint was 
limited to 1 hr daily but the restraining tubes were placed in 
the 5°C refrigerator. For the following 12 stress days, re- 
straint was administered for 2 hr periods daily plus 5° cold. 

Forced exercise was also administered in two stages. Rats 
in this chronic stress treatment were individually placed in 
one of the treadmill cages for 25 min with the treadmill mov- 
ing at a rate of 10 meters/min. These conditions prevailed for 
4 consecutive stress days. For the next 16 stress days, daily 
stress lasted 36 min with treadmill speed at 15 meters/min. 

Rats in the chronic FS treatment were individually placed 
in grid shock chambers and exposed to the following condi- 
tions: | mA, 1-sec scrambled shock on a 1-min variable 
interval schedule for a 30 min daily session for the first 5 
stress days; for the next 5 stress days shock intensity was 
increased to 1.6 mA and the sessions lasted 45 min; for the 
next 5 stress days, shock intensity was increased to 2 mA 
and the sessions lasted 60 min; for the last 5 sessions, shock 
was set at 3.0 mA and the session lasted 90 min. Rats in the 
no-stress control groups were removed from their single cage 
and handled for approximately 1 min on every week day of 
the chronic stress period. 

All stress sessions were administered 5 days each week for 
a 4 week period. During this period all rats had continuous 
access to food and water while in home cages. 

Phase 2—Ulcerogenic procedures. After the last day of 
the pre-treatment chronic stress the three chronic stress 
groups and the three no-stress control groups were further 





PRIOR STRESS EFFECTS ON STRESS ULCER 


subdivided into 3 sub-groups (n= 12). One subgroup was as- 
signed to the supine restraint plus cold (SR+C) ulcerogenic 
procedures, another sub-group was assigned to the activity- 
stress (A-S) procedure, and the third served as a no-stress 
(NS) control group for Phase 2. In this fashion, every chronic 
stress treatment contributed subjects to one of the ul- 
cerogenic procedures, plus the NS control condition. 

Rats assigned to the SR+C procedure were food deprived 
12 hr before restraint. Animals were restrained according to 
a procedure outlined by Vincent, Glavin, Paré and Rut- 
kowski [15]. This procedure required that rats be restrained 
in a supine position on a plastic board with all four limbs 
secured with braided umbilical tape. The restrained rat was 
subsequently placed in the refrigerator at 5°C. Rats were 
restrained between 10 a.m. and 1 p.m. After the 3-hr cold- 
restraint stress, the rat was removed from the refrigerator 
and sacrificed with carbon dioxide. The stomach was re- 
moved and inspected immediately by a technician who was 
unaware of the rat’s treatment condition. The stomach was 
cut along the greater curvature and pinned on a cork board. 
These were fixed in a flat attitude with a 10 percent formalin 
solution. The stomach was inspected with a dissecting 
microscope which was equipped with a micrometer disc 
allowing the observer to measure the size of ulcers. The 
number and cummulative length of ulcers were recorded. 

Rats assigned to the A-S procedure were individually 
housed in running wheel activity cages for a 4-day habitua- 
tion period during which they had continuous access to food, 
water and the running wheel. On the fifth day food was re- 
moved at 10 a.m. On the sixth day, and every day thereafter, 
all activity rats were fed for 1 hr between 9 and 10 a.m. After 
initiation of the A-S procedure, some rats in the activity 
wheels became sick. When rats became moribund, they were 
sacrificed. Rats were considered moribund when there was a 
significant body weight loss, a drop in body temperature, 
pilo-erection, and little or no motor activity. The A-S proce- 
dure was terminated after 17 days of restricted access to 
food, and rats still alive at this time were sacrificed. 
Stomachs were removed immediately after animals were 
sacrificed and inspected as outlined above. 

Rats which had been assigned to the no-stress control 
group were sacrificed, and stomachs evaluated for ulcers, 
right after the termination of the Phase 1 chronic stress 
period. 

The dependent variables included number of ulcers, and 
cummulative length of ulcers. These were analyzed using a 
3x2x3 analysis of variance design. The three factors in- 
cluded Phase 1 Stress with three levels (i.e., restraint plus 
cold, forced exercise, and foot-shock), Experimental versus 
Control, and Phase 2 Stress with three levels (i.e., SR+C, 
A-S, and NS). As Fig. 1 demonstrates, this design produced 
a total of 18 treatment groups during Phase 2 of the study. As 
Fig. 1 also indicates, this design produced a redundancy in 
the procedure which unnecessarily complicated the study. 
The redundancy occurred with the No-Stress groups for each 
of the three pre-treatment conditions in Phase 1. The animals 
assigned to these three No-Stress groups were subsequently 
treated in a similar fashion during Phase 2. In other words, 12 
rats were exposed to A-S, 12 rats were exposed to SR+C, 
and the other 12 rats were assigned to No-Stress during Phase 
2. The initial 3x2x3 ANOVA revealed that there were no 
significant differences between the three Phase 1 No-Stress 
groups for both dependent variables. Consequently, the data 
for the rats which were not stressed during Phase | were 
collapsed into one pre-treatment condition instead of three. 


TABLE | 


MEAN (+SE) NUMBER OF ULCERS FOR RATS SUBJECTED TO TWO 
ULCEROGENIC PROCEDURES AFTER PRIOR EXPOSURE TO THREE 
DIFFERENT CHRONIC STRESSORS 





Phase 1 
Pre-treatment 


Phase 2 
Ulcerogenic Procedures 


Supine 
Restraint No 
+ Cold Stress 


Activity- 
Stress 





Restraint 
+Cold 
N 
Mean 
SE 
Forced 
Exercise 
N 
Mean 
SE 
Foot Shock 
N 
Mean 
SE 
No Stress 
N 
Mean 21. 7.45 
SE . 0.96 





*p<0.05. Comparison made with the Phase 1 No Stress Group. 


The effect of this pooling is illustrated by Fig. 2. This 
produced a 4x3 ANOVA with unequal subjects in the result- 
ing 12 treatment groups. 


RESULTS 


The data for the mean number of ulcers for the 12 treat- 
ment conditions are presented in Table 1, whereas the data 
for the mean ulcer length are listed in Table 2. An inspection 
of these data revealed that rats exposed to the Phase 2 NS 
treatment were ulcer-free. The rats which were sacrificed 
after the termination of the Phase | pre-treatment chronic 
stress did not have ulcers. Therefore, the pre-treatment ma- 
nipulations of restraint plus cold, forced exercise and foot- 
shock during Phase | were not ulcerogenic. We can assume 
that all rats were ulcer-free after Phase | and that ulcers 
observed after Phase 2 were the result of experimental ma- 
nipulations which occurred only during Phase 2. 

For the initial analysis, the data from all 216 rats were 
analyzed; the effects of Phase | chronic stress on Phase 2 
were computed, irrespective of the type of ulcerogenic 
stress. The significant main effect of Pre-Treatment Chronic 
Stress for both number, F(3,204)= 12.30, p<0.0001, and size 
of ulcers, F(3,204)=4.15, p<0.007, suggested that chronic 
stress had a tendency to reduce the rat’s vulnerability to 
ulcerogenic stress. In other words, exposure to chronic 
stress during Phase | reduced the Phase 2 ulcerogenic ef- 
fects. However, a comparison of the four Phase | pre-treat- 
ment conditions revealed that this protective effect occurred 
only for the restraint plus cold, and the forced exercise pre- 
treated rats, Tukey HSD test, p<0.05. Rats pre-treated with 





TABLE 2 


MEAN (+ SE) CUMULATIVE ULCER LENGTH FOR RATS 
SUBJECTED TO TWO ULCEROGENIC STRESSORS AFTER PRIOR 
EXPOSURE TO THREE DIFFERENT CHRONIC STRESSORS 





Phase | 
Pre-treatment 


Phase 2 
Ulcerogenic Stress 
Supine 
Restraint No 
+ Cold Stress 


Activity- 
Stress 





Restraint + 
Cold 
N 
Mean 
SE 
Forced 
Exercise 


Foot Shock 
N 
Mean 
SE 

No Stress 
N 36 
Mean . 16.61 
SE d 1.02 





*p<0.05. Comparison made with the Phase 1 No Stress Group. 


foot-shock were not significantly different from the Phase 1 
no-stress control rats, Tukey HSD test, p>0.05. 

The three treatment conditions during Phase 2 produced 
significant group differences. This was revealed by the signif- 
icant main effect of Phase 2 Ulcerogenic Procedures for 
number of ulcers, F(2,204)=76.00, p<0.0001, and ulcer size, 
F(2,204)=451.25, p<0.0001. Group comparisons showed 
that the A-S procedure produced significantly more severe 
ulcer pathology as compared to the SR+C procedure which, 
in turn, was more pathogenic than the Phase 2 NS control 
condition, Tukey HSD test, p<0.05. The significant interac- 
tion of these two main effects for both the number of ulcers, 
F(6,204)=3.31, p<0.004, and ulcer size, F(6,204)=10.80, 
p<0.001, allowed for a comparison of the 12 treatment 
groups. 

The ulcerogenic effects of A-S were significantly at- 
tenuated by some of the Phase | pre-treatments. Using the 
NS Control pre-treatment as the basis for comparison, the 
FE and R+C pre-treatments reduced the severity of ulcer 
disease (i.e., both number and cummulative length of ulcers) 
in rats subsequently exposed to A-S and the protection pro- 
vided by FE was significantly greater than that provided by 
R+C. On the other hand rats pre-treated with FS revealed 
significantly more ulcer disease, in terms of length of ulcer, as 
compared to the NS control group, Tukey HSD test, p<0.05. 

Rats pre-treated with R+C had significantly fewer and 
smaller SR+C ulcers as compared to rats in the NS control 
group, Tukey HSD test, p<0.05. The data for the FS pre- 
treated rats suggested a protective effect from SR+C ulcers 
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but these group differences were not significant. Rats pre- 
treated with FE were not statistically different from the NS 
control animals. 


DISCUSSION 


Sines, Patterson and Rusch [13] reported that animals ex- 
posed to sub-lethal doses of a stressor were subsequently 
able to survive a lethal dose of that same stress. In the pres- 
ent investigation, animals with chronic R+C experience 
were provided with some protection when later exposed to 
an ulcerogenic dose of SR+C. A similar effect was noted for 
A-S lesions as compared to rats without that prior experi- 
ence. Thus, in some cases, chronic stress did provide some 
protection but that protection was specific to a related stres- 
sor, and this specificity was more pronounced for forced 
exercise and the A-S procedure. A generalization, or cross- 
protection, effect was noted for the pre-treatment with R+C. 
This stressor provided protection not only for SR+C but for 
A-S. This observation confirms an earlier report from this 
laboratory [10] which noted that prior restraint provided 
protection against A-S ulcer. Cross-protection, however, 
was observed only for chronic R+C and not for FE or FS. 
Since specificity of protection was observed for two chronic 
stressors, and cross-protection was observed in only one, 
the former effect would seem more robust than the latter. 

The results for the chronic FS pre-treatment suggested a 
differential effect; FS increased the susceptibility to A-S but 
this effect was not observed for FS pre-treated rats later 
exposed to SR+C. If anything, the results were in the oppo- 
site direction, suggestive of a protective effect. This possible 
differential effect has already been reported in separate ex- 
periments. The protective effect of FS for restraint ulcer has 
been noted by Murison and Isaksen [7] who reported that 
group housed rats with pre-shock experience were subse- 
quently more resistant to restraint ulcer. On the other hand, 
the increase in ulcer vulnerability following FS exposure was 
recently reported by Paré and Valdsaar [9] who observed 
that rats previously exposed to FS had a tendency to develop 
more stomach ulcers when subsequently exposed to A-S. 
Thus, unlike the stressors of restraint and forced exercise, 
the possibility exists that chronic foot-shock may have op- 
posite predisposing effects for stress ulcer depending on the 
type of ulcerogenic procedure used. The parameters of foot 
shock warrant further study. Variables such as shock inten- 
sity, frequency sequence, probability and duration should be 
studied to determine how these variables contribute to this 
effect. 

The present report, as well as other studies [10, 12, 13], 
indicated that the predisposing effects of chronic stress do 
not effect organisms in a uniform fashion. Nevertheless 
some tentative hypotheses can be advanced. First, milder 
forms of an early stressor can provide partial immunity to the 
subsequent encounter with a more intense form of the same 
stressors. A second hypothesis, based on the parameters 
observed in the present study, is that the specificity of 
protection is a more robust effect than generalization or 
cross-protection. Finally, the fact that early stressors do not 
provide similar protection from subsequently different ul- 
cerogenic procedures, plus the stress exacerbating effect ob- 
served for the chronic FS treatment, reinforces the hypoth- 
esis that different patterns or sets of physiological mech- 
anisms are responsible for the development of SR+C ulcers 
and A-S ulcers. 





PRIOR STRESS EFFECTS ON STRESS ULCER 
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KASSER, T. R., A. DEUTCH AND R. J. MARTIN. Uptake and utilization of metabolites in specific brain sites relative to 
feeding status. PHYSIOL BEHAV 36(6) 1161-1165, 1986.—Two experiments were conducted to assess potential alterations 
in fatty acid and glucose metabolism within specific brain sites in relation to the feeding status of the rat. An in vivo serial 
analysis of brain palmitate and glucose uptake demonstrated that hypothalamic uptake of these substrates was reciprocally 
altered with respect to satiety. Hypothalamic uptake of palmitate was increased by 300% and uptake of glucose was 
decreased by 30% in fasted compared with fed rats. Other regional differences were observed and discussed in the text. An 
in vitro analysis showed that hypothalamic fatty acid oxidation was affected by feeding status. The ventrolateral hypothal- 
amus (VLH) of fasted rats had 45% greater rates of fatty acid oxidation than VLH of fed rats. No alterations were observed 
for VLH glucose oxidation and ventromedial hypothalamic glucose and fatty acid oxidation when comparing fed and fasted 
rats. Other brain sites did not show variance for glucose and fatty acid metabolism relative to feeding status. Fatty acid 
uptake and subsequent metabolism in the hypothalamus and other brain sites may be one component of food intake control 


and energy balance regulation. 


Food intake control Brain metabolism 


Energy balance regulation 


Hypothalamic metabolism 





UPTAKE and utilization of circulating metabolites by the 
hypothalamus and other central brain sites is the primary 
input component of many models that describe control of 
food intake and regulation of energy balance. Long-term in- 
fusions of either glucose, glycerol or B-hydroxybutyrate into 
the third ventricle resulted in lower body weights and less 
food intake than saline infused rats [5]. Such results support 
the concept that systems which control food intake monitor 
concentrations of a variety of circulating metabolites and 
modify food intake relative to the surfeit or deficit of these 
metabolites. However, the results of Oomura [15, 16] indi- 
cated a competitive effect between substrates—fatty acid 
and glucose—on eliciting electrical activity in glucose sensi- 
tive neurons of the hypothalamus. 

Pardridge and Mietus [17] demonstrated that as much as 
20% of the total blood free fatty acid may be taken up by the 
brain during a single pass of the blood brain barrier. Recent 
work from our laboratory showed that regional differences 
existed for in vitro rates of brain fatty acid oxidation [11]. 
The objectives of the present experiments were to determine 
if feeding status specifically altered (a) in vivo uptake of fatty 
acid and glucose or (b) in vitro utilization of fatty acid and 
glucose, in selective brain sites of rats. 





METHOD 


The rats used in these experiments were housed individ- 
ually in wire mesh cages with 12 hr on:12 hr off light:dark 
cycle. For the in vivo substrate uptake experiment, rats were 
fed Purina Lab Chow, while a semipurified diet (65% 
cornstarch, 25% casein) was fed to rats used in the in vitro 
substrate oxidation experiment. 


In Vivo Substrate Uptake 


Three month-old, male Zucker rats (n=18) were used in 
the analysis of brain glucose and palmitate uptake. Nine rats 
were fasted for 24 hr prior to testing, while the remaining 
nine were permitted to maintain normal ad lib food intake. 
The method of analysis was the brain uptake index [14], 
which expresses in vivo brain uptake of a “C-labeled com- 
pound relative to *H,O uptake. Rats were anesthetized (pen- 
tobarbital) and fitted with a carotid catheter. The infusate 
was a Krebs-Ringer bicarbonate buffer ('/2 Ca**) containing 
10.0 mM glucose, 1.0 mM palmitate, 2% BSA, *H,O (0.07 
Ci/mmol), (4C-U) glucose (0.4 wCi/wmol) and (*C-1) palmi- 
tate (4.0 wCi/umol). Rats were decapitated 15 seconds after 
infusion (0.2 ml). Brains were removed and cooled in ice-chilled 
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FIG. 1. Serial sections used for substrate uptake in brain. Numbers 
on left of figure refer to distance rostral (+) or caudal (—) to the optic 
chiasm. The four most rostral halves (ipsilateral to the infused 
carotid) were sectioned into four pieces. A, B, C and D refer to the 
dorsolateral, dorsomedial, ventrolateral, and ventromedial portion 
of each section, respectively. Brainstem was dissected from each 
coronal slice caudal to the hypothalamus. 


saline (0.9%). Coronal brain sections (1.0 mm thickness) were 
obtained with the aid of a slicing block similar to that described 
by Heffner et al. [10]. The initial cut was at the level of the optic 
chiasm, shown as **0”’ in Fig. 1. Serial sections were obtained 
rostrally (+1, +2) and caudally (—1 to —7 mm). Coronal sec- 
tions were removed from the block and the half ipsilateral to 
the infused carotid was isolated. The four most rostral halves 
were sectioned into four parts, shown as A, B, C and D in 
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FIG. 2. Brain glucose uptake in rostral sections of fed (@) and fasted 
(O) rats. A, B, C, and D refer to dorsolateral, dorsomedial, ven- 
trolateral, and ventromedial portions of each section, respectively, 
as indicated in Fig. 1. Values are means+SE of nine observations 
per group. Asterisk (*) indicates a significant difference between fed 
and fasted rats (p<0.05). 
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FIG. 3. Brain palmitate uptake in rostral sections of fed (@) and 
fasted (O) rats. A, B, C, and D refer to dorsolateral, dorsomedial, 
ventrolateral and ventromedial portions of each section, respec- 
tively, as indicated in Fig. 1. Values are means+SE of nine observa- 
tions per group. Asterisk (*) indicates a significant difference be- 
tween fed and fasted rats (p<0.05). 


Fig. 1. Brain stem was dissected from coronal sections 
caudal to the hypothalamus. 

Brain pieces were placed in extraction tubes containing 
0.5 ml isopropanol: heptane:1.0 N H,SO, (4:1:0.1). After 
overnight monophasic extraction, the aqueous and non- 
aqueous phases were isolated by addition of 1.0 M NaCl 
(pH=4.0) and two heptane washes. Radioactivity in the 
non-aqueous phase accounted for brain “C-palmitate up- 





BRAIN METABOLISM AND FEEDING 


TABLE | 


GLUCOSE AND PALMITATE UPTAKE IN BRAINSTEM OF FED AND 
FASTED RATS* 


TABLE 2 


SERUM GLUCOSE, FREE FATTY ACID AND INSULIN 
CONCENTRATIONS IN FED AND FASTED RATS 





Coronal 


section? Fed Fasted 





Glucose 
uptake: 


—2 to 
—3 to 
—4to 
—5 to 
—6 to 


I+ I+ I+ I+ I+ 
I+ I+ I+ I+ I+ 


Palmitate 
uptake: 


-2 to -3 ‘ 0.28 
-3 to —4 A 0.18 
—4to —-5 ‘ 0.26 
-$ to -—6 ‘ 0.30 
-6 to -7 ; 0.39 


0.96 0.05 
0.90 0.05 
0.55 0.05 
0.99 NS 
1.14 0.05 


I+ I+ It I+ I+ 





*Uptake expressed as pmol of glucose or palmitate/uml of H,O. 
Values are means + SE of 9 animals. 

+Coronal section refers to the distance (mm) caudal to the optic 
chiasm and corresponds to areas outlined in Fig. 1. 


take, while radioactivity in the aqueous phase accounted for 
4C-glucose and *H,O uptake. Radioactivity was determined 


using a duel-label counting procedure with an internal 
quench adjustment. 


In Vitro Substrate Oxidation 


Rates of glucose and palmitate oxidation in various brain 
loci were examined using radioactive substrates and 
monitoring “CO, production during in vitro incubations. 
Long-Evans male rats (250 g, n=14) were gradually accli- 
mated to a feeding regimen that forced them to consume 
their normal daily intake within a 2 hr period. Standardiza- 
tion of feeding produced more consistent rates of substrate 
utilization within neural sites. The day of the experiment, 
rats were given full (fed) or empty (fasted) food cups and 
each sacrificed 2 hr after receiving the cup. The rat was 
decapitated, blood collected, brain removed and coronal 
sections obtained. 

Areas containing the caudatoputamen (CP), septum 
(SEP), ventrolateral hypothalamus (VLH), ventromedial 
hypothalamus (VMH) and substantia nigra (SN) were dis- 
sected with the aid of magnification. Neural loci and hepatic 
tissue weighing 5-15 mg were placed in 25 ml flasks contain- 
ing 2.0 ml of medium. Medium was a Krebs-Ringer bicar- 
bonate buffer ('/2 Ca**), containing 10.0 mM glucose, 1.0 
mM palmitate, 2% BSA and with either (‘*C-1) palmitate (1.0 
“Ci/umol) or (**C-U) glucose (0.05 wCi/umol). Flasks were 
gassed with O,:CO, (95:5) and sealed by rubber stoppers 
equipped with hanging center wells. After incubating 1.0 hr 
in metabolic shakers (37°C, 90 oscillations/min), reactions 
were stopped by the additions of 0.2 ml hyamine-hydroxide 
to center wells (CO, trap) and 0.5 ml 1.0 N H,SO, to 
medium. Flasks were returned to the shaker for 0.5 hr to 


Serum Fasted p< 





Glucose (mg/dl) 3 0.01 
Free fatty acid 43 0.001 
(uEq/l) 


Insulin (U/ml) ‘ ; 8+ 0.2 0.001 





Values are means + SE (n=7). Insulin values in five of the seven 
fasted rats required extrapolation of the standard curve. 


TABLE 3 


GLUCOSE AND PALMITATE JN VITRO OXIDATION IN FIVE BRAIN 
SITES AND LIVER OF FED AND FASTED RATS 





Fed Fasted p< 





Glucose 
oxidation: 

Caudatoputamen 

Septum 

Ventrolateral 
hypothalamus 

Ventromedial 
hypothalamus 

Substantia Nigra 


I+ I+ I+ 


Liver 


Palmitate 
oxidation: 
Caudatoputamen 
Septum 
Ventrolateral 
hypothalamus 
Ventromedial 
hypothalamus 
Substantia nigra 2% 


Liver 1146 + 220 + 0.01 





Values are means + SE (n=7). Glucose oxidation was expressed 
as nmol of glucose converted to CO,/10 mg-hr. Palmitate oxidation 
was expressed as pmol of palmitate converted to CO,/10 mg-hr. 


complete CO, trapping. Center wells were removed and 
radioactivity was determined. 

The blood collected at sacrifice was permitted to clot, 
then centrifuged at 1,500 x g and serum stored at —20°C. 
Serum glucose concentrations were determined using a glu- 
cose oxidase procedure (Sigma Chemical Co; St. Louis). 
Free fatty acid (FFA) concentrations in serum was 
colorimetrically determined [1], while serum insulin was de- 
termined by a modified version [12] of the double antibody 
radioimmunoassay of Hales and Randle [9]. Statistical 
differences between means of fed and fasted rats were com- 
puted by the Students /-test. 





RESULTS 
In Vivo Substrate Uptake 


Glucose uptake was altered in only the ventromedial (D) 
portion of rostral sections (Fig. 2). When compared to fed 
rats, fasted rats had a 96% increase in glucose uptake in the 
+1 to 0 section (pre-optic area) and a 30% decrease in glu- 
cose uptake in hypothalamic sites (D:0 to —1, —1 to —2). 
Conversely, palmitate uptake was increased by 300% in hy- 
pothalamic sites of fasted rats, when compared to hypotha- 
lamic uptake in fed rats (Fig. 3). Fatty acid uptake in the 
amygdaloid region (C:—1 to —2) of fasted rats was 41% 
greater than uptake in fed rats. Glucose uptake in the amyg- 
daloid region of fasted rats was 32% lower than uptake in fed 
rats, however this was not different at p<0.05. 

Glucose and palmitate uptake in brainstem sections 
caudal to the hypothalamus of fed and fasted rats are pre- 
sented in Table 1. Fasted rats had 43% less glucose uptake 
than fed rats in the coronal slice which includes the locus 
coeruleus (—5 to —6). Glucose uptake in other brainstem 
regions was not different in fed and fasted rats. Palmitate 
uptake in the brainstem regions of fasted rats was 75 to 185% 
greater than uptake in fed rats. 


In Vitro Substrate Oxidation 


Fasted rats had 23% lower serum glucose, 137% higher 
serum FFA and 87% lower insulin concentrations, when 
compared to levels in serum from fed (Table 2). /n vitro rates 
of glucose and palmitate oxidation in five brain sites and liver 
are shown in Table 3. Rates of glucose oxidation were similar 
for fed and fasted rats in the five brain sites examined. 
Hepatic glucose oxidation in fasted rats was 44% lower than 
values in fed rats. Palmitate oxidation in VLH of fasted rats 


was 45% greater than rates in VLH of fed rats. Fatty acid 
oxidation in the remaining neural loci were not different in 
fed and fasted rats. Hepatic fatty acid oxidation in fasted rats 
was 90% greater than fed rats. 


DISCUSSION 


These data demonstrated differences in energy substrate 
uptake and utilization by the hypothalamus and other central 
sites of fed and fasted rats. In most of the sites that exhibited 
a fed-fasted difference, a decrease in glucose uptake and an 
increase in palmitate uptake was observed when rats were 
fasted. An exception to this general pattern was the marked 
increase in glucose uptake in the pre-optic area of fasted 
compared with fed rats. The largest deviation between fed 
and fasted rats was observed for fatty acid uptake in the 
hypothalamic area (Fig. 3). The in vitro analysis of substrate 
utilization showed that hypothalamic fatty acid oxidation 
was affected by feeding status. Fasted rats had rates of VLH 
fatty acid oxidation that were 45% greater than rates in fed 
rats (Table 3). No alterations were observed for VLH glu- 
cose oxidation and VMH glucose and fatty acid oxidation, 
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when comparing fed and fasted rats. Other selected brain 
areas did not show variance for glucose and fatty acid oxida- 
tion relative to feeding status. Central uptake and utilization 
of fatty acids and glucose could provide an important input 
for control of food intake and regulation of energy balance. 

A metabolic correlate for induction of feeding has been 
strongly supported by administration of agents that modify 
glucose homeostasis. Peripheral insulin injections caused 
hypoglycemia and subsequently produced overeating [19]. 
When hypoglycemia was inhibited by glucose loading (gas- 
tric and intravenous) prior to insulin injection, hyperphagia 
was not observed [2]. Thus, insulin-induced feeding did not 
act through central effects of insulin. Glucose 
antimetabolites (2 deoxy-D-glucose), 5 thio-D-glucose, and 3 
methyl-glucose) inhibit cellular glucose utilization. Associ- 
ated with the peripheral injection of these compounds was 
induction of characteristics similar to acute diabetes— 
hyperglycemia, elevated FFA and hyperphagia [3, 6, 7, 21]. 
A central site for integration of feeding behavior has been 
supported by the observation that intraventricular adminis- 
tration of glucose antimetabolites caused similar serum 
changes and induced feeding [13,18]. In the present study, 
fasted rats would have a greater impetus for feeding (hun- 
grier) than fed rats. Thus our observation that glucose uptake 
was lower and specifically altered in the hypothalamus of 
‘*hungry’’ rats provided direct evidence for differential glu- 
cose uptake in a central site relative to satiety. However, 
differential rates of glucose utilization were not observed in 
fed and fasted rats. 

Hypothalamic fatty acid uptake and rates of VLH fatty 
acid oxidation were elevated in ‘‘hungry”’ (fasted) compared 
with fed rats. Oomura et al. [16] has demonstrated that single 
unit electrical activity of glucose sensitive neurons in the 
lateral hypothalamus were reciprically affected by applica- 
tion of fatty acid and glucose; fatty acid elicited activity 
while glucose inhibited this response. Electrical stimulation 
of the lateral hypothalamus caused hyperphagia, with 
chronic stimulation leading to obesity [20]. Intraventricular 
administration of a low dose of 2 deoxy-D-glucose produced 
elevated serum FFA without the production of other events 
associated with higher doses—hyperglycemia and hyper- 
phagia [4]. The rapid elevation of serum FFA in response to 
insulin-induced hypoglycemia [8], may be a critical aspect of 
metabolic events leading to insulin-induced feeding. 

In conclusion, although glucose availability, uptake and 
utilization by central sites may be intimately related to feed- 
ing behavior; the present in vivo assessment of fatty acid 
uptake in various brain sites and in vitro assessment of fatty 
acid oxidation in the VLH support the concept that central 
fatty acid metabolism may serve as a component for the 
control of food intake and regulation of energy balance. In 
rats deprived of food, endogenous lipid stores would become 
the major energy source. The observed alterations in central 
fatty acid and glucose uptake may be reflecting this qualita- 
tive change in the peripheral energy metabolism. 
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NAKATA, K. AND H. KAWAMURA. ECoG sleep-waking rhythms and bodily activity in the cerveau isolé rat. 
PHYSIOL BEHAV 36(6) 1167-1172, 1986.—In rats with a high mesencephalic transection, isolating both the locus coeruleus 
and raphe nuclei from the forebrain, Electrocorticogram (ECoG) and Electromyogram (EMG) of the neck muscles were con- 
tinuously recorded. Normal sleep-waking ECoG changes with a significant circadian rhythm reappeared in 4 to 9 days after 
transection. Neck muscle EMG and bodily movements were independent of the ECoG changes and did not show any 
significant circadian rhythm. In these high mesencephalic rats with sleep-waking ECoG changes, large bilateral hypotha- 
lamic lesions were made by passing DC current either in the preoptic area or in the posterior hypothalamus. After the 
preoptic area lesions the amount of low voltage fast ECoG per day markedly increased, whereas after the posterior 
hypothalamic lesions, the total amount of low voltate fast wave per day decreased showing long-lasting slow wave sleep 
pattern. These results support an idea that the forebrain, especially in the hypothalamus including the preoptic area, a 
mechanism inducing sleep-waking ECoG changes is localized. 


Cerveau isolé Sleep-waking rhythm ECoG 


EMG 


Preoptic area Posterior hypothalamus 





TO search for the mechanism inducing sleep-waking 
rhythms is an ever lasting problem from the era of classical 
clinical and behavioral studies. Nauta [17] described from his 
hypothalamic knife cut experiments in rats based on 
Economo’s clinical observation [4], that the caudal hypotha- 
lamic region and the adjacent part of the midbrain tegmen- 
tum is of specific importance for maintaining the waking 
state during the absence of external stimuli (waking center). 
On the other hand, the preoptic region was described as an 
area responsible to induce sleep (sleep center). The theory of 
the reticular activating system by Moruzzi and Magoun [13] 
suggested the posterior hypothalamus as a rostral part of the 
reticular activating system to keep the animal awake. How- 
ever, because of Bremer’s observation [3] on continuous 
ECoG slow wave (SW) sleep pattern in the acute cerveau 
isolé cat containing the hypothalamus in the forebrain, 
Jouvet emphasized a role of the locus coeruleus and raphe 
nuclei to induce sleep-waking changes, in his monoamine 
theory [7,8]. Appearance of low voltage fast ECoG activity 
(LVF), on the other hand, was reported to occur in chronic 
cerveau isolé cats and dogs [2, 18, 21, 22]. Their recordings 
were, however, not continuous for 24 hr every day. 
Recently, Hanada and Kawamura [5] showed appearance 
of sleep-waking ECoG changes with a significant circadian 





rhythm by 24 hr/day continuous polygraphic recording for up 
to 3 weeks in blinded rats with a high mesencephalic tran- 
section. They suggested that a mechanism inducing ECoG 
changes in transition from slow wave sleep to waking and 
vice versa is localized in the forebrain rostral to the level of 
the locus coeruleus and raphe nuclei. Several lesion studies 
also indicated non-decisive influences of lesions of the raphe 
[1,14] or locus coeruleus area [6] on sleep-waking cycle. 

In the present study, we investigated whether or not 
EMG of neck muscles and bodily movements which is con- 
trolled by the hindbrain, caudal from the high midbrain tran- 
section, are completely independent of the ECoG sleep- 
waking rhythms. And further, in the forebrain with a high 
mesencephalic transection, we made large bilateral elec- 
trolytic lesions either in the preoptic area or in the posterior 
hypothalamus, in order to compare the sleep-waking ECoG 
rhythms before and after the lesions. 


METHOD 


Adult male albino rats of Wistar strain weighing 330-430 g 
were used. Rats were mated and reared in the animal quarter 
of our Institute. Under pentobarbital anesthesia (50 mg/kg, 
IP) each rat was mounted on a stereotaxic apparatus. Stain- 
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FIG. 1. Sample records of low voltage fast wave (LVF) and high 
voltage slow wave (SW) ECoG (upper traces), and simultaneously 
recorded EMG of neck muscles and bodily movements (lower 
traces) in a chronic cerveau isolé rat. 
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FIG. 3. A temporal distribution of simultaneously recorded LVF 
and EMG in a rat with high mesencephalic transection. Ordinate: 
amount (min) of LVF (upper diagram) and EMG (lower diagram) in 
each hour. Abscissa: time of day. Black bars indicate dark period, 
although records were taken from a blinded rat. 


less steel screw electrodes for ECoG recording and bilateral 
stainless steel wire electrodes with polyurethane coating for 
recording neck muscle EMG were implanted. A pair of No. 
00 insect pin electrodes insulated except for 1 mm at the tip 
were also bilaterally implanted using Kénig and Klippel’s 
stereotaxic atlas [10], either in the preoptic area or in the 
posterior hypothalamus. An indifferent screw electrode was 
implanted in the frontal sinus. They were all connected to a 
9-pin Amphenol plug which was cemented on the skull. 
ECoG recording was made between the frontal and parietal 
cortices, and EMG was recorded between the right and left 
neck muscles. 

Brain transection was made at a high mesencephalic level 
so that from the forebrain both the locus coeruleus and raphe 
nuclei were isolated [5]. After craniotomy at the level of the 
lambda suture, the brain stem was transected by inserting a 
small knife made of surgical blade along a guide plate in- 
clined 22° from the vertical plane. Pieces of Gelfoam were 
inserted to separate the forebrain from the hindbrain as well 
as to stop bleeding. In most rats, both eyes were enucleated 
subsequently. After recovery from surgery, each rat was 
placed in an open-top recording box (30x 20x30 cm) with 
bedding. The animal received routine care every day: 20 cc 
Ringer’s solution mixed with glucose and Terramycin was 
injected subcutaneously. The rat was fed with milk through 
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FIG. 2. Distribution of ECoG low voltage fast wave (upper black 
blocks) and EMG activity (lower black blocks), (a) light period from 
16:00 to 18:00 in the evening, (b) dark period from 3:00 to 5:00 in the 
morning. 
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FIG. 4. Increase of LVF after bilateral preoptic area (PO) lesion in a 
cerveau isolé rat. Ordinate: amount of LVF (min) in each hour. 
Abscissa: time of day. 


an intragastric catheter. These procedures were done at ran- 
dom intervals as far as possible to avoid giving a time cue. 
For rats with intact eyes, the lights were turned off from 9:00 
p.m. to 9:00 next morning. Recordings of ECoG and EMG 
were started immediately after the surgery. ECoG and EMG 
were fed into a polygraph with speed of 4.5 cm/min and 
handscored for LVF or SW in ten second epoch. Average 
proportions of LVF and SW, and bodily movement over 
every one minute were calculated from these data. 

Bilateral preoptic areas or posterior hypothalami were 
destroyed in rats in which sleep-waking ECoG changes with 
a circadian rhythm are recorded for more than two days. 
Lesions of the preoptic area were made electrolytically by 
passing 3 mA DC current for 20 sec, repeating the passage of 
current 3 times between the indifferent electrode in the fron- 
tal sinus and each of the electrodes in the right and left 
preoptic areas respectively. Posterior hypothalamic lesions 
were made by passing 3 mA DC current for 30 sec, repeating 
the passage of current 3 times in similar manner. Recordings 
of ECoG and EMG were started immediately after the le- 
sion. 

After completion of experiments, each rat brain was per- 
fused under deep pentobarbital anesthesia with isotonic 
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TABLE | 
EFFECT OF PREOPTIC AREA LESIONS ON ECoG IN THE HIGH MIDBRAIN RATS 





before lesions* 


LVF SW 
total total 
(min:sec) (min:sec) N 


after lesions* 


LVF SW 
total total 
(min:sec) (min:sec) 





917:20 
526:17 
683:20 
722:07 
746:23 
992:47 


764:42 
153:17 


522:40 
913:33 
756:40 
717:53 
693:37 
447:13 


675:18 
153:04 


455:20 
364:20 
506:20 
529:43 
328:53 
199:53 


397:25 
113:40 


984:40 
1075:40 
933:40 
910:17 
1111:07 
1240:07 


1042:35 
113:42 





*Data for 3 days before lesion. 

+Data for 3 days after lesion. 

LVF total: total time of LVF per day. 

SW total: total time of SW per day. 

N: the number of LVF or SW. 

LVF: the mean value of LVF (LVF total/N). 
SW: the mean value of SW (SW total/N). 
mean: the mean value per rat. 

(s.d.): the standard deviation. 
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FIG. 5. Location of preoptic area lesion in the rat from which the 
preceding diagram was made. Oblique hatching demonstrates his- 
tologically confirmed lesion. 
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FIG. 6. Decrease of LVF after bilateral posterior hypothalamic (HP) 
lesion in a cerveau isolé rat. 


saline, followed by 10% (vol/vol) formalin. Frozen sections 
of 50 um in thickness were stained with thionine for histolog- 
ical examination. 


RESULTS 


Low voltage fast ECoG wave recovered in 2 to 4 days 
after transection as reported in the previous paper [5]. Cir- 
cadian rhythms in sleep-waking ECoG activity reappeared 
similarly in 4 to 9 days. Polygraphic recordings were done in 
these rats continuously. In 6 rats, it was confirmed later that 
the brain stem had been transected at a level rostral to the 
raphe nuclei and locus coeruleus. ECoG and EMG in those 
rats were recorded simultaneously for more than 7 days. In 
Fig. 1, sample records of ECoG and EMG activity in a high 
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TABLE 2 
EFFECT OF POSTERIOR HYPOTHALAMIC LESIONS OF ECoG IN THE HIGH MIDBRAIN RATS 





before lesions* 


LVF SW 
rat total total 
No. (min:sec) (min:sec) 


after lesions* 


LVF SW 
total total SW 
(min:sec) (min:sec) (sec) 





187 846:53 
205 762:23 
207 771:20 
236 772:17 
248 805:13 
265 $24:17 


593:07 
677:37 
668:40 
667:43 
634:47 
915:43 


692:56 
103:39 


mean 747:04 
(s.d.) 103:37 


173:17 1266:43 X 196.0 
186:20 1253:40 394.4 
19.03 1420:57 1107.2 
0:00 1440:00 86400.0 
0:20 1439:40 86380.0 
0:00 1440:00 86400.0 


63:10 1376:50 43479.6 
82:50 82:50 42914.6 





See legend to Table 1. 
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FIG. 7. The extent of posterior hypothalamic lesion in the rat from 
which the preceding diagram was taken. Oblique hatching demon- 
strates histologically confirmed lesion. 


mesencephalic rat are shown. While ECoG changes from 
high voltage SW to LVF wave or vice versa, i.e., sleep to 
wakefulness and wakefulness to sleep occurred, neck muscle 
activity and bodily movements appeared with total indepen- 
dence from ECoG. Figure 2 shows that during long lasting 
slow wave periods in ECoG (upper), EMG (lower) was quite 
active both in the light period (16:00 p.m. to 18:00 p.m.) and 
in the dark period (3:00 a.m. to 5:00 a.m.), although the rat 
was blinded in both eyes. 

Figure 3 demonstrates distribution of LVF and EMG dis- 
charge during continuous recording of ECoG and EMG for 3 
days. Upper ECoG recording indicates a clear circadian 
rhythm, whereas neck muscle EMG did not show any signif- 
icant circadian rhythmicity. 

In such blinded rats with a high mesencephalic transec- 
tion, we made large bilateral electrolytic lesions either in the 
preoptic area or in the posterior hypothalamus. In a total of 6 
rats whose large lesions in the preoptic area were confirmed 
later by histological examination, observation was continued 
for more than 7 days after the lesion in each rat. Figure 4 
shows a typical record demonstrating distribution of LVF to: 
3 days before lesion of the preoptic area and for 6 days after 
the lesion. Continuous increase of LVF after the preoptic 
area lesion is seen. Location of the large preoptic lesion is 
illustrated in Fig. 5. Table 1 shows summarized results of 
bilateral preoptic area lesions taken from 6 rats. Sample data 
taken continuously for 24 hr (from 9:00 a.m. to 9:00 a.m. 
next morning) before and after lesioning were thoroughly 
analyzed in these rats, measuring the length of each LVF and 
SW episode. After preoptic area lesions, mean value of total 
amount of LVF per day increased 36.3% compared to that of 
before lesions in 6 rats. The difference was statistically sig- 
nificant (t-test, p<0.01). The average duration of LVF also 
increased 76.9% compared to that of before lesions (t-test, 
p<0.1). The average duration of SW decreased 20.5% com- 
pared to that of before lesions but the difference was not 
Statistically significant (t-test, p>0.1). 

In a total of 6 rats whose large lesions in the posterior 
hypothalamus were confirmed later with histological exam- 
ination, observation continued for more than 7 days after the 
lesions. Figure 6 shows a typical example of total disappear- 
ance of LVF for 6 days after a large posterior hypothalamic 





SLEEP-WAKING RHYTHMS IN THE CERVEAU ISOLE 


lesion. The extent of the posterior hypothalamic lesion is 
illustrated in Fig. 7. Table 2 shows a summary of the effects 
of bilateral posterior hypothalamic lesions on sleep-waking 
ECoG taken from 6 rats. After posterior hypothalamic le- 
sions, mean value of total amount of LVF per day decreased 
to 8% compared to that of before lesions. The difference was 
Statistically significant (t-test, p<0.001). The average dura- 
tion of LVF decreased to 23.6% (t-test, p<0.001). In two 
rats, LVF was not seen for more than 7 days. No significant 
effect on neck muscle EMG and bodily movements was 
found after preoptic or posterior hypothalamic lesions. 


DISCUSSION 


Our findings suggest that the forebrain does not receive 
influence from the hindbrain humorally for induction of 
sleep-waking ECoG changes as well as for induction of cir- 
cadian rhythms. Villablanca [21] already reported that LVF 
and bodily movement did not coincide in cerveau isolé cats. 
Our results showed it in rats with continuous recording for 
up to 21 postoperative days. In these high mesencephalic 
rats, the increase of the total amount of waking time per day 
after preoptic area lesions suggests that the preoptic area 
may contain a mechanism inducing sleep without interaction 
with the hindbrain structures such as the raphe nuclei or 
medullary reticular formation and solitary tract [11]. Also a 
marked decrease of the total amount of waking time per day 
after posterior hypothalamic lesions suggests that the 
posterior hypothalamus is crucially related with the waking 
mechanism. Szymusiak and Satinoff [20] reported the am- 
bient temperature dependence of sleep disturbances. Al- 
though we did not change laboratory temperature, we got 
opposite results in total amount of waking time after preoptic 
area lesions and posterior hypothalamic lesions. In the 
chronic cerveau isolé rats, paradoxical sleep could not be 
defined because occasional muscle atonia was totally inde- 
pendent of ECoG wake pattern. Interaction between the 
forebrain containing the posterior hypothalamus and preop- 
tic area and the hindbrain containing the locus coeruleus 
area, pontine and bulbar reticular formation may have im- 
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portant functional significance for induction of paradoxical 
sleep in intact animals. 

Naquet ef al. [16] showed in 6 cats with complete 
thalamic lesions that the sleep-waking cycle was still pres- 
ent. This finding suggests that the crucial mechanism for 
induction of sleep-waking rhythm is not located in the 
thalamus. Sterman and Clemente [19] reported that electrical 
stimulation of the preoptic area induced sleep with ECoG 
synchronization. McGinty and Sterman [12] demonstrated 
that the sleep-waking cycle in cats was severely altered after 
lesions of the preoptic-basal forebrain area with striking re- 
duction of sleep phase characterized by ECoG synchroniza- 
tion. 

Their experimental results were obtained in intact 
animals. Our results obtained in rats with a high mesence- 
phalic transection showed that large lesions of the preoptic 
area or posterior hypothalamus still gave similar effects on 
ECoG sleep-waking rhythm without feedback from those 
hindbrain structures, although the length of our observation 
is limited because of technical difficulty. According to their 
recent paper, Nakamura et al. [15] could not find particular 
enhancement of radioactive 2-deoxyglucose uptake in the 
hypnogenic zones including the preoptic area during SW 
sleep stage. Thus, they cast doubt about the existence of 
such a zone. However, the hypnogenic zone may not need to 
keep ‘‘excited state’’ continuously during SW sleep stage. 
Excitation of some of the neurons in this area [9] may be 
sufficient for initiation and continuation of SW sleep stage. 
This problem awaits further study for clarification. At this 
moment, it can be concluded at least that the hypothalamus 
and the preoptic area have a specific significance in control- 
ling sleep-waking state in the forebrain without interaction 
with hindbrain structures. 
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RABIN, B. M., W. A. HUNT, A. C. BAKARICH, A. L. CHEDESTER AND J. LEE. Angiotensin I-induced taste 
aversion learning in cats and rats and the role of the area postrema. PHYSIOL BEHAV 36(6) 1173-1178, 1986.—The 
capacity of angiotensin II (AII, 1 mg/kg, IP) to produce a taste aversion was studied in cats and rats with and without 
lesions of the area postrema. Using a one-bottle test, injection of All produced an aversion in cats but not in rats. Using a 
two-bottle test, injection of All produced a slight, but significant, decrease in sucrose preference in intact rats, but had no 
effect on rats with area postrema lesions. Lesions of the area postrema prevented the acquisition of a taste aversion in cats. 
These results, which show a clear species difference in the capacity of All to produce a taste aversion, are discussed as 
supporting the hypotheses that there is a relationship between the sensitivity of the area postrema to a compound and the 
capacity of that compound to produce a taste aversion; and that excitation of the area postrema constitutes a sufficient 


condition for taste aversion learning to occur. 


Angiotensin II Conditioned taste aversion 


Area postrema Ci 





A conditioned taste aversion (CTA) is produced when a 
novel tasting solution is paired with an unconditioned 
stimulus such as exposure to ionizing radiation [21] or treat- 
ment with a variety of toxic and nontoxic compounds, in- 
cluding lithium chloride and amphetamine [9,10]. Previous 
research has shown that the area postrema (AP), the 
chemoreceptive trigger zone for emesis [3], mediates the ac- 
quisition of a CTA when the unconditioned stimulus is ir- 
radiation [14,16] or injection of compounds such as lithium 
chloride or methylscopolamine [1, 16, 18]. In contrast, the 
AP is not involved in the acquisition of an amphetamine- 
induced CTA [1,18]. In this role the AP apparently serves as 
the transfer point by which information about potential 
toxins in the blood and cerebrospinal fluid is transmitted to 
the central nervous system [17]. 

These studies suggest that the area postrema may be a 





critical component of the neural system leading to the acqui- 
sition of a CTA for one class of unconditioned stimuli, and 
that any unconditioned stimulus which excites the AP would 
also lead to CTA learning. The present experiments were 
designed to test the hypothesis that excitation of the AP 
constitutes a sufficient condition for the acquisition of aCTA 
by using injections of angiotensin II (AII) to produce a CTA 
in cats and rats. Previous research has established that in- 
jection of All produces changes in AP unit activity in cats 
[4], but has no effect on unit activity in the AP of the rat [5]. 
Concordant with these electrophysiological studies, other 
research has shown that the AP mediates the cardiovascular 
effects of All in the cat, but not in the rat (e.g., [19]). These 
studies therefore suggest that the AP of the cat is sensitive to 
exogenously administered All while the AP of the rat is not 
sensitive to exogenous AII. If excitation of the AP is a suffi- 
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FIG. 1. Effects of injection of All (1 mg/kg, IP) or saline on sucrose 
intake in rats (A) and cats (B) using a one-bottle test. Error bars 
indicate the standard error of the mean. 


cient condition for CTA learning, then injection of All 
should lead to the acquisition of a CTA in cats but have little 
or no effect in rats. 


EXPERIMENT | 
Subjects 


The subjects were 20 male Sprague-Dawley rats weighing 
250-350 g, and 18 cats weighing 3.5—5.0 kg at the start of the 
experiment. All animals were housed in individual cages in a 
room with a 12:12 light:dark cycle. Food and water were 
continuously available except as required by the experi- 
mental protocol. 


Methods 


The initial taste aversion procedures for both rats and cats 
utilized a single-bottle test so that the data would be directly 
comparable. For the rats, the procedure involved placing 
them on a 23.5 hr water deprivation schedule for 10 days 
during which water was available for 30 min a day during the 
early light phase of the diurnal cycle. On the conditioning 
day (day 10), the water bottle was replaced by a calibrated 
tube containing a 10% sucrose solution as the conditioned 
stimulus (CS) and intake measured. Immediately following 
the drinking period, 10 rats were given a single intraperito- 
neal injection of 1 mg/kg AIlI, while the remaining 10 rats 
were given an injection of an equivalent volume of isotonic 
saline. On the test day (day 11), the rats were given access to 
the single calibrated tube containing 10% sucrose and their 
intake recorded. 

For cats, a CTA was produced by removing all food and 
water 20 hr prior to the conditioning day. On the condition- 
ing day, all cats were given a single dish containing a meas- 
ured amount of the CS, chocolate milk, and their intake re- 
corded. Immediately following a 1 hr drinking period, 9 cats 
were given a single injection of All, 1 mg/kg, IP, and the 
remaining 9 cats were injected with an equivalent volume of 
isotonic saline. Four hours after the injection food and water 
were returned for 24 hr. Food and water were then removed 
20 hr prior to testing for the acquisition of a CTA. 


RABIN ET AL. 


FIG. 2. Photomicrographs of the brainstem of the rat showing the 
area postrema (A, arrow) and representative lesions (B,C). 


Results and Discussion 


Test day CS intake is presented as the percentage of the 
baseline intake on the conditioning day. As shown in Fig. 1, 
injection of All did produce a reduction in test day CS intake 
in cats but did not do so in rats. Analysis of the data using 
t-tests indicates that there were no significant differences in 
CS intake between the rats injected with AIl and those in- 
jected with saline, *=1.15, p>0.10. In contrast, the cats in- 
jected with All showed a significantly reduced CS intake 


compared to the cats given saline injection, t=4.75, 
p<0.001. 
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FIG. 3. Effects of AP lesions on sucrose preference in rats using a 
two-bottle test. The scores to the left of the line were from animals 
injected with AII; those from the right were injected with saline. 
Error bars indicate the standard error of the mean. 


These results show that a single injection of All produces 
a CTA in cats but not in rats. Since the research cited above 
indicates that the AP of the cat, unlike that of the rat, is 
responsive to exogenously administered All, these results 
suggest that activation of the AP by treatment with a com- 
pound is an adequate unconditioned stimulus for the acqui- 
sition of a CTA. As such, these results would be consistent 
with the hypothesis that excitation of the AP constitutes a 
sufficient condition for CTA learning. 

There are, however, several limits on this conclusion. 
First, because the AP of the rat does contain binding sites for 
All [12,20], it may be that the behavioral procedures were 
not sensitive enough to permit observation of the AII- 
induced effects. Second, it may be that the AP of the rat, 
unlike that of the cat, exerts inhibitory effects on this behav- 
ior, thereby masking the effects of the AP on behavior. An 
inhibitory effect of the rat AP has been shown for rotation- 
induced CTA learning, such that the AP lesions cause an 
enhanced CTA [15]. A third possibility is that the AII- 
induced CTA observed in cats is not mediated by the AP but 
involves a different neural structure. The experiments de- 
scribed below attempted to evaluate these alternative 
hypotheses. 


EXPERIMENT 2 


As indicated above, the failure to observe an AIl-induced 
CTA in rats may have resulted from a lack of sensitivity of 
the behavioral CTA procedures or because the AP exerts an 
inhibitory effect on the behavior. This experiment was de- 
signed to evaluate these hypotheses by using the more sensi- 
tive two-bottle procedure [7,11] and by examining the effect 
of AP lesions on the acquisition of an All-induced CTA. 


Subjects 


The subjects were 38 male rats weighing 275-350 g at the 
start of the experiment. 


Methods 


The behavioral procedures were identical to those de- 
scribed above, except that a two-bottle test was utilized. On 
both the conditioning and test days the animals were pre- 
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sented with two calibrated drinking tubes, one containing tap 
water and the other containing a 10% sucrose solution, and 
the intake of each recorded. Any rat which did not show a 
greater sucrose intake than water intake on the conditioning 
day was discarded from the experiment. This procedure was 
adopted to assure that all rats had sampled a sufficient quan- 
tity of the CS to provide a valid baseline for the observation 
of a CTA. Five rats with AP lesions and 4 control rats did not 
meet this criterion and were excluded from the experiment. 
Given the relatively equal numbers of lesion and control rats 
which were discarded, it is not likely that this procedure 
influenced any observed differences between these groups. 

Lesions were made in the AP of 15 rats using procedures 
detailed previously [16,17]. Briefly, the rats were 
anesthetized with a combination of ketamine (120 mg/kg, IP) 
and pentobarbital (21 mg/kg, IP), and the AP was exposed 
and cauterized under direct visual control. An additional 15 
rats served as sham-operated controls, in which the AP was 
exposed but not cauterized. Following surgery, the rats were 
given a prophylactic injection of Bicillin (60,000 units, IM) 
and allowed to recover for 2-3 weeks before starting the next 
phase of the experiment. The remaining 8 rats served as an 
unoperated saline-injected comparison group. 

At the conclusion of the experiment, all operated rats 
were anesthetized with pentobarbital (50 mg/kg, IP) and per- 
fused with isotonic saline and 10% formalin saline. The 
brains were fixed in 10% formalin saline and cut through the 
brainstems at the level of the AP at 50 wm. Photomicro- 
graphs of the AP and representative lesions are presented in 
Fig. 2. 


Results and Discussion 


Average conditioning day sucrose intake for the sham- 
operated control rats was 21.53+1.12 ml (mean+standard 
error) while for the rats with AP lesions it was 25.13+2.18 
ml. This difference was not significant, t=1.47, p>0.10, 
possibly because of the short drinking period and because 
water was also available, so that the rats, which typically 
display neophobia to the presentation of a novel stimulus, 
were not restricted to drinking the more palatable, but novel, 
sucrose CS. 

The results for the acquisition of a CTA are presented as 
preference scores, sucrose intake divided by total fluid in- 
take, and summarized in Fig. 3. Injection of All produced a 
reduced sucrose preference in sham-operated control rats 
but had no effect in rats with lesions of the AP. The response 
to injection of All of the rats with AP lesions was similar to 
that of unoperated controls injected with isotonic saline. 
Analysis of the data for the All-treated animals using a 
mixed two-way analysis of variance showed that the main 
effect for surgery for the comparison between the rats with 
AP lesions and sham-operated controls was not significant, 
F(1,28)=1.32, p>0.10. In contrast, the main effect for the 
comparison between the conditioning and test days was sig- 
nificant, F(1,28)=6.28, p<0.05, indicating that there was a 
significant change in preference score on the test day in re- 
sponse to treatment with AII. The significant surgery by day 
interaction, F(1,28)=6.54, p<0.05, would indicate that the 
rats with AP lesions responded to AII differently than did the 
control rats. 

Histological examination of the brains of the operated rats 
showed that all rats had complete destruction of the AP. The 
extent of the lesions ranged from small lesions that were 
restricted to the AP itself (Fig. 2C) to larger lesions that 
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FIG. 4. Photomicrographs of the brainstem of the cat showing the AP (A, arrow) and 
representative lesions (B). 
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FIG. 5. Effects of injection of AII in cats with lesions of the AP and 
in sham-operated controls. Error bars indicate the standard error of 
the mean. 


included parts of the nucleus of the solitary tract (Fig. 2B). 
There was no apparent correlation between the extent of the 
lesion and the disruption of the All-induced reduction in 
sucrose preference. 

These results indicate that injection of AIlI in rats does 
have a slight, but significant, effect on sucrose preference 
when the behavioral response utilizes the more sensitive 
two-bottle procedure. While injection of AIlI in the rat does 
not produce an aversion to the CS, in the sense that the rats 
actively avoided the CS by ingesting more water than su- 
crose, there was a consistent decrease in sucrose preference 
across all subjects. An analysis of individual preference 
scores of the sham-operated rats indicates that while only 3 
of the 15 sham-operated rats showed an active aversion to 
the sucrose, an additional 9 rats showed a decrease in su- 
crose preference compared to their conditioning day scores. 
Since this reduction in preference was not observed in rats 
with AP lesions, the AP must be involved in the acquisition 
of the response in the intact animal. As such, the present 
results would be consistent with the observation of AII bind- 
ing sites in the AP [12,20] and would indicate some limited 
behavioral responsiveness of the rat AP to exogenously ad- 
ministered All. 


EXPERIMENT 3 


As indicated above, the observation of an AlIl-induced 
CTA in cats does not necessarily mean that the acquisition of 
this response is mediated by the AP even though neurons in 
the AP of the cat are sensitive to exogenously administered 
All [4,19]. If the AP of the cat mediates AIl-induced CTA 
learning, it should be possible to disrupt the acquisition of a 
CTA by producing lesions of the AP. 


Subjects 


The subjects were 14 cats weighing between 3.2-4.8 kg. 
They were maintained in individual cages with food and 
water continually available except as required by the exper- 
imental protocol. 


Methods 


Lesions were made in the AP of 8 cats using the proce- 
dures detailed by Borison and his coworkers [2, 22, 23]. 
Briefly, the cats were anesthetized with halothane and the 
AP exposed and cauterized under direct visual control. For 
the control cats, the AP was exposed, but not cauterized. All 
cats were given a minimum of 2-3 months to recover from 
the effects of the surgery before beginning the next phase of 
the experiment. The behavioral testing was identical to that 
described for Experiment 1, except that for some cats the CS 
was chocolate milk while for other cats the CS was a 10% 
sucrose solution. As before, aversions were produced by 
injections of AIl, 1 mg/kg, IP. 

At the conclusion of the experiment, the cats were sac- 
rificed with T-61 and perfused intracardially with isotonic 
saline and 10% formalin saline. Sections were cut through the 
brainstem at 50 um at the level of the AP and stained with 


thionin. Representative photomicrographs are presented in 
Fig. 4. 


Results and Discussion 


Average conditioning day CS intake was 74.25+ 16.33 ml 
(mean standard error) for the cats with AP lesions while the 
control cats showed an average intake of 47.50+17.01 ml. 
Although there is the suggestion that cats with AP lesions 
show increased intake of a palatable CS, as reported for rats 
using similar procedures [8], the difference in CS intake 
between control and lesion cats was not significant, t=1.19, 
p>0.10, probably as a result of the large individual variabil- 
ity. 

The results of AP lesions on the acquisition of a CTA are 
summarized in Fig. 5. Injection of AIl in cats with lesions of 
the AP produced a slight, but nonsignificant, :=0.76, 
p>0.10, decrease in sucrose intake relative to their condi- 
tioning day baseline intake. In contrast, injection of AIl in 
sham operated control cats produced a significant decrease 
in test day sucrose intake compared to the operated cats, 
t=2.58, p<0.05. These results, therefore, support the hy- 
pothesis that the acquisition of an AIl-induced CTA in cats is 
mediated by the AP. 

Histological examination of the brains of the operated 
cats showed that the lesions tended to be somewhat variable 
in extent. These ranged from small lesions which were re- 
stricted to the AP and which may have left small amounts of 
AP tissue intact to large lesions which included portions of 
the nucleus of the solitary tract and the dorsal motor nucleus 
of the vagus. There was no apparent relationship between 
the extent of the lesion beyond the AP and the effects of the 
lesion on behavior since the smallest lesion was sufficient to 
produce a complete disruption of the All-induced CTA. 


GENERAL DISCUSSION 


As indicated above, the AP is a critica! component of the 
neural system leading to the acquisition of a CTA for one 
class of unconditioned stimuli [1, 14, 16, 17, 18]. As such, it 
might be predicted that any classes of stimuli that affect the 
AP would result in the acquisition of a CTA. The results of 
the present experiments support that prediction. 

The AP of the cat is responsive to treatment with exoge- 
nous All, both in terms of its electrophysiological charac- 
teristics [4] and in terms of mediating the behavioral respon- 
siveness of the organism [19]. Concordant with this previous 
research is the present observation that treating cats with 
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All produces a CTA which is dependent upon the integrity of 
the AP. In rats, to the contrary, the AP is not sensitive to 
exogenously administered AIlI [5], despite the reported pres- 
ence of All binding sites [12,20]. Concordant with these find- 
ings is the present observation that that treatment with AIlI 
does not produce a reliable CTA in the rat. However, as 
might be expected given the observation of AII binding sites 
in the rat AP, injection of AII does cause some reduction in 
sucrose preference, but only when the more sensitive two- 
bottle procedure is utilized. 

Another possibility, given the observation of AII binding 
sites in the rat AP [12,20], may be that the physiological 
response produced by AII in the rat AP is not the response 
necessary to produce CTA learning. The AP has other func- 
tions [6,13] in addition to its role as the chemoreceptive trig- 
ger zone for emesis [3]. It is possible, therefore, that the 
effects of AII on the rat AP may be related to these other 
functions and not to its role in monitoring the blood and 
cerebrospinal fluid for potential toxins. However, this in- 
terpretation would not be consistent with the observation of 
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a reduction in sucrose preference in control rats tested using 
a two-bottle procedure. Because of this observation, the 
present results would be most consistent with the hypothesis 
that All exerts qualitatively similar effects on both the rat 
and the cat AP, but that there are species differences in the 
sensitivity of the AP to All which in turn results in the ac- 
quisition of a CTA in cats but not in rats. 

Overall, the present results which show a clear species 
difference in the capacity of AII to produce CTA learning in 
cats and rats, are consistent with the hypothesis of a rela- 
tionship between the sensitivity of the AP to a given com- 
pound and the capacity of that compound to produce a CTA. 
As such, these results would support the hypothesis that 
excitation of the AP constitutes a sufficient condition for the 
acquisition of a CTA. 
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SINGER, R., C. T. HARKER, A. J. VANDER AND M. J. KLUGER. Hyperthermia induced by open-field stress is 
blocked by salicylate. PHYSIOL BEHAV 36(6) 1179-1182, 1986.—Psychological stress results in a rise in body temperature. 
Here we report that in rats, hyperthermia induced by open-field stress can be blocked by administration of the antipyretic 


drug sodium salicylate. These data suggest that this rise in body temperature is a true fever, perhaps mediated by 


prostaglandins. 
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PSYCHOLOGICAL stress results in an acute rise in body 
temperature in rats [1, 4, 12, 13, 22, 26, 28], rabbits [21,27] 
and people [15,20]. Exposure to novel environments and 
handling can produce a rise in body temperature in rats of as 
much as 2°C [4,22]. Although some studies have shown that 
part of this so-called ‘‘emotional hyperthermia” can be 
blocked by naloxone, an inhibitor of endorphins and 
enkephalins [1,22], Vidal [26] has concluded that endoge- 
nous opioids are not significantly involved in emotional 
hyperthermia. Hanukoglu [14] has suggested that prosta- 
glandins may be the primary mediator of stress-induced 
hyperthermia, but to our knowledge, this hypothesis has not 
been tested. 

Fever, the elevation in body temperature that occurs dur- 
ing infection, is thought to be mediated by the release of 
prostaglandins (primarily PGE, and PGE,) in the central 
nervous system [9]. Drugs that attenuate fever, antipyretics, 
are thought to act by blocking the synthesis of these prosta- 
glandins [10,25]. If prostaglandins are responsible for stress- 
induced hyperthermia then the fevers resulting from psycho- 
logical stress should also be reduced by administration of an 
antipyretic drug. 

We report that an injection of a dose of sodium salicylate 
that has no effect on the budy temperature of nonstressed 
rats blocks the rise in body temperature of stressed rats. We 
conjecture that stress-induced hyperthermia may be initiated 
by the rapid release of prostaglandin in the area of the central 
nervous system responsible for regulating body temperature. 


METHOD 
Animals 


Specific pathogen-free male Sprague-Dawley rats weigh- 
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ing 200 to 300 g were obtained from Charles River Breeding 
Laboratories, Inc., Portage, MI. Rats were housed in indi- 
vidual plastic cages in a room maintained at 26+ 1°C, i.e., in 
the thermoneutral zone for rats, with a photoperiod consist- 
ing of 12 hr of light and 12 hr of dark. Tap water and rodent 
chow (Purina) were provided ad lib. 


Measurement of Body Temperature 


Body temperature was measured using battery-operated 
biotelemetry devices (Mini-Mitter, Inc., Sunriver, OR) im- 
planted intraperitoneally into each rat four or more days be- 
fore the stress experiments began. Each transmitter was cal- 
ibrated pzior to implantation. Output (frequency in Hz) was 
monitored by a mounted antenna placed under each animal's 
cage (or under the open-field box in Experiment 1; see be- 
low) and fed into a peripheral processor (Dataquest III Sys- 
tems, Mini-Mitter, Inc.) connected to an IBM-PC. Tempera- 
tures were monitored and recorded at either | or 5 minute 
intervals. Prior to any experimental manipulation, basal 
temperatures were recorded for either 10 or 20 minutes. 


Stress Paradigm 


Acute psychological stress in rats can be induced by ex- 
posure to an open-field [7]. The open-field used in our exper- 
iments consisted of a 4x4x2 ft high plywood box painted 
white on the inside and illuminated by a 200 W white light 
suspended from above [7]. The box was placed in a 
temperature-controlled environmental room near the en- 
vironmental chamber housing the rats. The temperature 
within the open-field box was the same as the rat’s home 
cages, 26°C. The experimental protocol for the stress in- 
volved transporting each rat from the home room to the 
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FIG. 1. Change in deep-body temperature (+1 S.E.) of five rats 

exposed to an open-field stress for 60 minutes beginning at time=0. 

Horizontal dark bar indicates stress period. 


stress room, removing the rat from the cage and placing him 
into the open-field box. After the appropriate period of time 
the rat was returned to his cage and taken back to the hous- 
ing area. Care was taken not to disturb the rats either before 
or after the stress-exposure. Control animals were not placed 
in the open-field box. All animals were conditioned to han- 
dling for at least 3 days prior to the experiments. To 
minimize possible circadian variability all exposure to the 
open-field occurred between 9 a.m. and | p.m. 


Experiment |: Description of Stress-Induced Hyperthermia 


To characterize the pattern of rise in body temperature 
during exposure to the open-field, antennae were placed 
under the open-field box to allow for the continuous record- 
ing of deep body temperature. In this experiment, the tem- 
peratures of 5 rats were monitored at | minute intervals dur- 
ing a 60 minute exposure to the open-field. 


Experiment 2: Effect of Injection of Saline, Naloxone or 
Sodium Salicylate on Stress-Induced Hyperthermia 


Nineteen rats received intraperitoneal (IP) injections of 1 
ml sterile pyrogen-free 0.9% sodium chloride (saline) 60 
minutes prior to exposure to the open-field. Sixteen control 
rats also received injections of 1 ml saline IP and were then 
returned to their home cages and kept there for the duration 
of the experiment. After the 30-minute exposure to the 
open-field, experimental rats were returned to their home 
cages and their temperatures monitored for the following 
hour. The saline injections were included in this protocol to 
permit comparison of these rats with those receiving drug 
injections. 

In another series of experiments, two groups (a total of 32 
rats) received IP injections of an antipyretic dose of sodium 
salicylate (Mallinckrodt, University Hospital Pharmacy, 200 
mg/kg) dissolved in saline 60 minutes prior to exposure to the 
open-field. Fifteen of these rats were exposed to the open- 
field and 17 of the rats served as salicylate-treated unstressed 
controls. 

To determine whether any portion of the hyperthermia 
might be attributable to an endogenous opioid as reported in 
several earlier studies [1,22], rats were injected IP with 
naloxone (kindly provided by V. Nickolson, Dupont, 10 
mg/kg) dissolved in saline. Twenty-six of these rats were 
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exposed to the open-field and 20 rats served as naloxone- 
treated unstressed controls. 

Lastly, to determine whether sodium salicylate and 
naloxone might have additive or synergistic effects, rats 
were injected IP with the above doses of both these drugs 60 
minutes prior to exposure to the open-field. Eighteen of 
these rats were exposed to the open-field and 16 rats served 
as sodium salicylate/naloxone-treated unstressed controls. 


Data Analysis 


Values reported are mean+1 S.E. Comparisons between 
each experimental and control group were analyzed for 
statistical significance using the Student’s f-test. All com- 
parisons among groups were made using one-way ANOVA, 
followed by Scheffe allowances for multiple comparisons 
among means. 


RESULTS 
Experiment | 


In Figure 1, the mean change in body temperature during 
open-field stress is plotted at 1 minute intervals for 10 min- 
utes prior to the rats being put into the open-field and for the 
entire 60 minute period while in the open-field box. Within 14 
minutes of exposure to the open-field, the temperature of 
these rats rose 1.43+0.27°C. The body temperatures of the 
rats remained elevated for the 60 minute exposure to the 
open-field. 


Experiment 2 


The change in body temperature due to the stress period, 
calculated by subtracting the pre-stress temperature (tem- 
perature immediately prior to removing each rat from its 
cage) from the post-stress temperature (temperature im- 
mediately after returning the rat from the open-field to its 
cage) is shown in Fig. 2 for each group of rats and their 
control groups. Following the 30 minute stress period, the 
rise in body temperature of the rats injected with saline was 
1.33+0.09°C, significantly different from the change in body 
temperature of the control rats injected with saline and main- 
tained in their home cages (p<0.001, Student’s t-test). The 
fact that the rise in temperature observed in these stressed 
rats was no higher than that seen in rats of Experiment 1 
indicates that saline injection did not alter the response or 
contribute to it. 

Rats injected with naloxone and placed in the open-field 
had a rise in body temperature of 1.01+0.10°C, significantly 
elevated from the change in body temperature of the control 
rats injected with naloxone and maintained in their home 
cages (p<0.001, Student’s t-test). Although the rise in body 
temperature of rats injected with naloxone and exposed to 
the open-field tended to be less than in rats injected with 
saline and exposed to open-field, the decrease was not signif- 
icantly different by use of ANOVA (p>0.50). 

Rats injected with sodium salicylate and exposed to the 
open-field had a rise in body temperature of 0.41+0.15°C, 
significantly higher than the control rats injected with 
sodium salicylate (p<0.002, Student’s t-test). The rise in 
body temperature of the rats injected with sodium salicylate 
and exposed to the open-field was significantly smaller than 
the rise in body temperature observed in the rats injected 
with either saline or naloxone and exposed to the open-field 
(p<0.001, ANOVA). 
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FIG. 2. Effect of saline, naloxone, sodium salicylate, and naloxone 
plus sodium salicylate on the change in deep-body temperature 
(+1 S.E.) in stressed and control rats. Stressed rats were exposed to 
an open-field for 30 minutes beginning at time=0. Control rats were 
left undisturbed in their cages for this period. The heights of the bars 
represent the differences in body temperature between time=0 and 
time=30 minutes. Numbers in or near each bar=sample size. *The 
stress-induced rise in body temperature in the sodium salicylate- 
injected group and in the sodium salicylate/naloxone injected groups 
were significantly different from that observed in either the saline- or 
naloxone-injected rats (p<0.001). 


Rats injected with both sodium salicylate and naloxone 
and exposed to the open-field had a rise in body temperature 
of 0.37+0.11°C, similar to that observed in the rats injected 
with sodium salicylate alone and exposed to the open-field. 
This rise in temperature was significantly higher than that 


seen in control rats injected with salicylate and naloxone 
(p<0.002, Student’s t-test). The rise in body temperature of 
the rats injected with these drugs and exposed to the open- 
field was smaller than the rise in body temperature observed 
in the rats injected with either saline or naloxone and ex- 
posed to the open-field (p><0.001, ANOVA). Accordingly, 
this experiment and the one involving the use of naloxone 
alone, do not support the hypothesis that endorphins and 
enkephalins are the major contributor to the hyperthermia 
induced by open-field stress. 


DISCUSSION 


Since the administration of sodium salicylate blocked 69% 
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of the peak stress-induced hyperthermia (body temperature 
rose 0.41°C vs. 1.33°C) we hypothesize that a sizeable por- 
tion of the open-field stress-induced rise in body temperature 
is prostaglandin mediated. It is interesting that the rise in 
temperature occurs within minutes of exposure to the open- 
field (see Fig. 1). It is possible that exposure to stress results 
in the rapid release of prostaglandins within certain central 
nervous system sites. A recent study has shown that micro- 
injections of PGE into the organum vasculosum of the 
laminae terminalis produce rises in body temperature as 
rapidly as those we report here [23]. 

A fever is defined as a rise in body temperature resulting 
from an elevation in the thermoregulatory set-point [2,17]. It 
is thought that the protein interleukin-1 (IL-1), responsible 
for modulating immune function and initiating the ‘‘acute- 
phase response”’ to infection, is responsible for the devel- 
opment of fever [3, 8, 16, 18]. IL-1 is believed to raise the 
thermoregulatory set-point in the hypothalamic region of the 
central nervous system by inducing the production of PGE, 
and PGE, [3, 8, 9, 16, 18]. Since a large portion of stress- 
induced hyperthermia is blocked by the antipyretic drug 
sodium salicylate, we hypothesize that one acute response to 
psychological stress may be the release of IL-1. Inter- 
estingly, the onset of stress-induced hyperthermia is more 
rapid than that normally associated with fever induced by 
intravenous injection of IL-1. Therefore, if IL-1 does 
mediate stress-induced hyperthermia, it is likely to do so 
centrally [11], perhaps being produced locally in the hypo- 
thalamus, or in the organum vasculosum laminae terminalis 
[23]. 

IL-1 has recently been shown to be released during the 
stress of exercise [5,6], and perhaps accounts for a small 
fraction of the rise in body temperature. Although the 
stimulus for the release of IL-1 in exercise is unknown, from 
a teleological viewpoint, the release of IL-1 in response to 
exercise makes sense. Since IL-1 plays a major role in 
facilitating both host defense and immune responses [3, 8, 
16, 18], the release of this protein in response to the stress of 
exercise would prepare the organism for potential injury and 
infection, and therefore would be adaptive. This would be in 
keeping with the classical concept that many of the 
nonspecific responses to stress represent a ‘fight or flight”’ 
response, preparing the body for potential exercise and phys- 
ical trauma. The same logic could be used for hypothesizing 
that psychological stress should result in the acute release of 
IL-1. To our knowledge, the present experiments are the 
first to evaluate this hypothesis, albeit indirectly. 
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ZHANG, D.-M., W. BULA AND E. STELLAR. Brain cholecystokinin as a satiety peptide. PHYSIOL BEHAV 36(6) 
1183-1186, 1986.—Injection of 0.08 ug/kg of CCK-8 into the anterior cerebral ventricles of the rat produced a significant 
depression in the rat’s motivation for food for at least one-half hour, as measured by running speed to food rewards in a 
runway and by food intake in a test-meal in the rat's home cage. Doses of 0.04 uwg/kg were ineffective and doses of 0.06 
ug/kg intermediate. There was no effect of 0.08 wg/kg on running speed to water rewards. Intraperitoneal doses of 8.0 ug/kg 


also suppressed running speed and eating. 
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CHOLECYSTOKININ (CCK) is a putative satiety peptide 
secreted from intestinal cells in response to food entering the 
duodenum. Intraperitoneal (IP) injection of exogenous 
cholecystokinin octapeptide (CCK-8) reduces the size of a 
test-meal in rats [4]. Cholecystokinin also occurs in the 
brain, and it has been demonstrated that infusion of CCK-8 
into the ventricles of sheep will also cause reduction of food 
intake [2] while infusion of antibody to CCK causes in- 
creases in food intake [3]. Maddison [6], using a lever- 
pressing operant response for food, demonstrated a reduc- 
tion of food intake in rats, but several other attempts, pub- 
lished [2,5] and unpublished have failed to see any central 
effects on food intake of exogenous CCK-8 in rats. Because 
CCK does not readily cross the blood-brain barrier and be- 
cause vagotomy eliminates the satiety effects of IP CCK-8 
[8], some doubt has been cast on its direct effect on the brain 
in rats. 

The present study was undertaken primarily to see if an 
operant running response to food rewards in a runway could 
be reduced by both IP and pulse intracerebroventricular 
(pICV) injections of CCK-8, and secondarily, to see if food 
intake could also be suppressed in a test meal following these 
injections. A pilot study was done with five rats (W.B.) with 
positive results. It was then repeated with ten rats and better 
controls (D.-M.Z.) also with positive results, and these find- 
ings are reported here. 


METHOD 


The runway is one meter long from start box to goal box 
(see details in [10]). When the start box door is raised a 
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digital timer is started; it is stopped when the rat puts its head 
into a hole in the goal box to reach a food cup for a 0.1 g wet 
mash reward. The goal box then becomes the start box and 
the rat is run in the opposite direction for a total of 11 trials. 
Running time is measured to the nearest 0.01 sec and its 
reciprocal gives running speed in cm/sec. The running speed 
measure is influenced by how much a rat stops, grooms, and 
explores as well as by how fast it runs. 

Preliminary training was carried out under approximately 
12 hr of food deprivation, achieved by leaving the rats with 3 
or 4 pellets of laboratory chow so that they ran out of food 
about 12 hr before testing. Eleven male, Sprague-Dawley 
rats, weighing between 475 and 500 grams, were tested for 
the effects of IP (intraperitoneal) CCK-8 at a dose of 8.0 
ug/kg in a 2-day crossover design in which IP saline was used 
as the control. On the first day, 5 rats were injected with 
CCK-8 and 5 with saline, and on the second day, they were 
given the opposite treatment. Each rat was tested for 11 
trials immediately after injection (0 minutes) and then again 
15, 30 and 60 minutes later, so that the time-course of the 
effect of CCK-8 could be plotted. The same rats were then 
used in the same design to measure the effects of IP CCK-8 
on wet mash food intake in a one-hour test-meal in the home 
cage, the food cup being weighed 15, 30 and 60 minutes after 
the start of the meal. 

Ten of these same rats were used in the main part of the 
experiment involving injection of CCK-8 into the ventricles 
of the brain. Following the successful procedure of Maddi- 
son [6], the pulse intracerebroventricular (pICV) CCK-8 
dose was reduced to 1% of the IP dose since the brain is 
about 1% of the rat’s total body weight. Desulfated CCK-8, 
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FIG. 1. Coronal section through the anterior commissure, showing the spread of India ink in the cannula tract and lateral and third 
ventricles; injected at the time of sacrifice. 








@—e@ 8yg/kg CCK-8 
O-<0 SALINE @— Byg/kgCCK-8 
N=11 o--O SALINE 

2/11/84 N=11 
2/26/84 
=e 1 =s 


0 15 15 30 60 
MINUTES AFTER I.P. INJECTION MINUTES AFTER I.P. INJECTION 


RUNNING SPEED (cm/sec) 


FOOD INTAKE (gms) 





4. i 














FIG. 2. The suppressing effect of intraperitoneal (IP) CCK-8 injec- FIG. 3. The suppression of food intake by IP CCK-8 injection. 
tion on running speed to food rewards. 
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FIG. 4. The suppressing effect of pulse intracerebroventricular 
(pICV) injection of 0.08 zg/kg of CCK-8 into the anterior (lateral and 
third) ventricles on running speed to food rewards (left panel); no 
effect on running speed to water rewards (right panel); intermediate 
effect of 0.06 wg/kg and no effect of 0.04 ug/kg. 


an inactive form of CCK, was used for control injections. 
The rats were stereotactically implanted with an intraven- 
tricular cannula under surgical anesthesia at the coordinates 
1.0 mm post-bregma, 1.0 mm lateral and a 10° angle to the 
midline, and 7.0 mm down. 

Two methods were used to verify that the cannulas pene- 
trated the ventricles. Before being tested with CCK, the rats 
received a 60 ng pICV injection of angiotensin II to demon- 
strate they would drink water while satiated; they all did. 
Secondly, that the cannula penetrated the lateral ventricle 
and was directed toward the third ventricle was verified in 
thionin-stained sections for half the animals and by intraven- 
tricular injection of India ink immediately before sacrifice in 
the other half of the animals (see Fig. 1). 

Using the same design as in the IP experiments, the 
animals were tested for the effects of plICV CCK on running 
speed and one-hour food intake. 

Since the 0.08 wg/kg pICV dose of CCK-8 was effective in 
reducing running speed to food rewards in the pilot experi- 
ment, we began with that dose. Then as a control for general 
depressing effects of plCV CCK-8, we tested the rats under 
thirst conditions, selecting 23-hours deprivation because that 
yielded a running speed comparable to the running for wet 
mash rewards. Next, a dose-response function was run, 
using doses of 0.04 uwg/kg CCK-8 and then 0.06 pg/kg. Fi- 
nally, the effect on one-hour wet mash intake was deter- 
mined, using the 0.08 uwg/kg dose of CCK-8 and the desul- 
fated CCK-8 control pICV injections. 

Statistical analysis was done with a randomized block 
factorial design ANOVA. Comparisons of control and exper- 
imental (CCK) treatments were made with the Tukey test for 
significance. 


RESULTS 


The effects of IP CCK-8 on running speed are shown in 
Fig. 2. It can be seen that the 8.0 wg/kg IP dose of CCK-8 
significantly reduced running speed for the first 15 minutes 
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FIG. 5. The suppression of food intake by pICV injection of 0.08 
pg/kg of CCK-8. 


after injection (p<0.01 at 0, and 15 minutes). Figure 3 shows 
that IP CCK-8 also reduces food intake over a one-hour 
period as previously reported by others (p<0.01 at 15, 30, 
and 60 minutes). 

The effect of plICV CCK-8 at a dose of 0.08 yg/kg (2.0 
ul/kg) is shown in the left panel of Fig. 4. Quite clearly, 
injecting CCK-8 into the ventricles reduces running speed 
for at least 30 minutes when compared to a control injection 
of desulfated CCK-8 (p<0.01 at 0, 15, and 30 minutes). That 
the effect of 0.08 ug/kg intracerebroventricular CCK-8 is 
specific to food, and not a general depressing effect, is 
shown in the right panel where it has no effect when the rats 
are made thirsty and trained to run for water rewards. The 
two middle panels complete the dose-response function: the 
effect is lost with 0.04 uwg/kg (1.0 wi/kg) pICV CCK-8, and 
0.06 we/kg (1.5 wl/kg) has an effect that is intermediate in 
both magnitude and duration (p<0.01 at 0 minutes and 
p<0.05 at 15 minutes). 

Finally, when 0.08 yg/kg pICV CCK-8 is given to the 
same animals immediately before a one-hour test-meal, food 
intake is significantly reduced (Fig. 5) (p><0.01 at 0, 15, and 
30 minutes). 


DISCUSSION 


Since a dose of 0.08 ug/kg of CCK-8 is far lower than any 
IP dose ever reported to be effective in producing satiation, 
the suggestion is that exogenously administered CCK-8 acts 
in the brain to reduce food motivation. What is remarkable is 
that while the half-life of exogenous CCK-8 is measured in 
minutes, its effects on behavior last at least one-half hour. 
This effect of exogenous CCK-8 is particularly striking in the 
runway test, for the very small food rewards (0.1 g) make it 
unlikely that any amount of endogenous CCK is released 
compared to the case where the animal is actually eating. 

Why positive results with intracerebroventricular exper- 
iments have not been obtained in other experiments is, of 
course, difficult to say. We followed the successful pICV 
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doses and procedures of Maddison [6], we used animals who 
were highly trained in an operant response and fully adapted 
to eating a one-hour test meal of wet mash per day. In addi- 
tion, we used the same coordinates for penetrating the ven- 
tricles that we previously had used [10] in successful experi- 
ments with pICV angiotensin to produce fast running speeds 
to water rewards in water-satiated rats. Moreover, we ver- 
ified the success of our cannula placements before testing the 
rats with CCK-8 by injecting angiotensin and observing them 
drink in their home cages while water-satiated. 

The caudal medulla is a likely target for CCK injected into 
the anterior cerebral ventricles. First of all it has been re- 
ported that lesions of this region of the brain, involving the 
area postrema, block the satiating effects of IP CCK-8 [9]. 
Second, Ritter and Ladenheim [7] have reported preliminary 
findings that fourth ventricular injection of CCK-8 reduces 
food intake in rats. Also, lesions of the adjacent medial nu- 
cleus of the solitary tract eliminate the reduction in explora- 
tory and social behavior, produced by IP CCK in rats [1]. 
The caudal medulla is also the area of termination of the 
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vagus nerve, and vagotomy blocks IP CCK-8 effect. Fur- 
thermore, the cerebrospinal fluid (CSF) flows posteriorly 
into the [Vth ventricle where the area postrema is located. 
Finally, the area postrema is one of the circumventricular 
organs with a greatly reduced blood-brain barrier and a re- 
duced CSF-brain barrier. Current experiments in our labora- 
tory have now verified the effects of anterior ventricular 
injection of CCK-8 in reducing running speed to wet mash 
rewards and to rewards of a highly palatable sugar-fat mix- 
ture (20% sucrose, 37.8% dairy fat), in the latter case even 
when the animals are not food-deprived. Thusfar, fourth 
ventricular injection has produced much less of an effect 
than lateral and third (anterior) ventricular injection. 
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CASSELLA, J. V., T. P. HARTY AND M. DAVIS. Fear conditioning, pre-pulse inhibition and drug modulation of a 
short latency startle response measured electromyographically from neck muscles in the rat. PHYSIOL BEHAV 36(6) 
1187-1191, 1986.—The present study evaluated if startle measured electromyographically in the neck muscles (having a 5 
msec latency) would exhibit behavioral and pharmacological plasticity known to alter startle measured in a stabilimeter 
device. A total of 15 rats were implanted with bilateral EMG electrodes in the dorsal neck muscles and subsequently 
exposed to a variety of manipulations known to affect the whole-body startle response. The peak-to-peak EMG response 
that occurred within 10 msec of startle stimulus onset displayed pre-pulse inhibition, enhancement by prior fear condition- 
ing, inhibition by clonidine, and enhancement by strychnine. The data are discussed in terms of modulation of neural 


transmission along a primary startle-mediating pathway. 
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TO investigate neural and pharmacological mechanisms un- 
derlying behavioral plasticity it is desirable to study a simple 
yet modifiable behavior having a defined and accessible 
neural circuit. The acoustic startle response has served as a 
useful model system for studying various forms of behavioral 
plasticity. This whole-body reflex in the rat exhibits short- 
term (e.g., [3,18]) and long-term [4,16] habituation to re- 
peated stimulation, sensitization to environmental stimuli [5, 
10, 19], pre-pulse facilitation or inhibition [13,14], and 
enhancement by prior fear conditioning [1,7]. The acoustic 
startle response is also modulated by a variety of phar- 
macological treatments [6]. 

One of the most striking aspects of the startle reflex is that 
it has an extremely short latency. In the rat, the latency of 
acoustic startle recorded electromyographically in_ the 
hindleg is about 7-9 msec [12, 15, 20], suggesting that acous- 
tic startle is mediated by a relatively simple neural circuit. 
Recently, a short-latency startle reflex pathway in the rat has 
been described which consists of the auditory nerve, ventral 
cochlear nucleus, nucleus of the ventral lateral lemniscus, nu- 
cleus reticularis pontis caudalis, and spinal motor neurons [8]. 

Most of the previous investigations of startle behavior 
have utilized cage movement over a relatively long period 


(e.g., 200 msec from stimulus onset) as a measure of startle 
amplitude. However, it is not clear from this type of analysis 
if treatments that are known to alter acoustic startle do so by 
altering transmission along the short latency startle response 
pathway described above or instead by recruiting longer la- 
tency pathways that might involve neural structures other 
than the cochlear nucleus, ventral nucleus of the lateral 
lemniscus, and nucleus reticularis pontis caudalis. One way 
of evaluating whether the short-latency startle structures are 
involved in various forms of behavioral plasticity would be 
to determine if changes occur in the earliest component of 
the electromyographic (EMG) response from startle muscu- 
lature during behavioral change. For example, startle can be 
enhanced by presenting the eliciting stimulus in the presence 
of a light previously paired with a shock (fear-enhanced star- 
tle). If the light increased the very short-latency EMG re- 
sponse (<10 msec), one could conclude that it must mod- 
ulate transmission somewhere along a very short-latency 
neural pathway, such as the one described above. Alterna- 
tively, if the light did not affect the short latency response, 
one would have to conclude that other neural systems were 
recruited by the light to mediate fear-enhanced startle. 
Theoretically, these two alternatives would lead to very dif- 
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ferent conclusions and different strategies for investigating 
neural sites of fear conditioning. Therefore, the purpose of 
this study was to determine if various forms of behavioral 
and pharmacological plasticity are expressed through the 
short-latency EMG response recorded from the neck mus- 
cles in the rat. 


METHOD 
Subjects 


A total of 15 naive male Sprague-Dawley rats (Charles 
River) weighing between 400-500 g were used. Each rat was 
individually housed in a Plexiglas cage with food and water 
continuously available. All rats were kept in a large animal 
colony maintained on a 12 hr:12 hr light-dark schedule. 


Surgical Procedure 


All animals were implanted with bilateral EMG electrodes 
under halothane anesthesia in a Kopf stereotaxic instrument. 
Single-strand platinum wire insulated with Teflon except for 
5 mm from the tip was inserted into a 22-gauge hypodermic 
needle so that approximately 2 mm of the uninsulated wire 
extended from the tip of the needle. A hook was made by 
folding back the exposed wire over the needle bevel. A small 
incision was made in the skin approximately 10-mm behind 
each pinna and 5-mm off the midline and the needle was 
inserted through this opening at a slightly oblique angle into 
the left superficial dorsal neck muscles. The hook was 
anchored into the muscle, the needle was removed, and the 
electrode was sutured to the muscle. A second electrode was 
implanted at a parallel placement on the right side of the 
neck. An incision was then made in the skin overlying the 
caudal portion of the skull and the platinum wire was fed 
subcutaneously to this incision. Amphenol contact pins were 
crimped to the wire and these contacts, along with another 
wire from a skull-mounted indifferent electrode, were in- 
serted into a female Amphenol socket (222-12N07) which 
was then mounted to the skull with dental acrylic. The 
wound was sutured around the Amphenol connector, a top- 
ical bacteriostatic dressing was applied, and a single injec- 
tion of antibiotic (Flo-Cillin, 1,000,000 units per kg) was 
given intramuscularly. 


Apparatus 


Startle testing. The apparatus used to measure startle has 
been described previously [22]. Briefly, a single stabilimeter 
was used to record the amplitude of the startle response. The 
stabilimeter consisted of an 8x 15x 15-cm Plexiglas and wire 
mesh cage suspended between compression springs within a 
steel frame. Cage movement resulted in displacement of an 
accelerometer where the resultant voltage was proportional 
to the velocity of displacement. The amplified accelerometer 
voltage was fed in parallel to a three channel storage oscillo- 
scope (Tektronix Model 5103N) and a specially-designed 
sample-and-hold circuit. This circuit sampled the peak volt- 
age that occurred during a 200-msec period immediately fol- 
lowing the onset of the startle stimulus. The output of the 
sample-and-hold circuit was digitized through an analog- 
to-digital converter and fed to a Model 810 Newport Printer. 
The amplitude of the startle response ranged from 0 to 99 
units. The startle cage was housed in a dimly-lighted, venti- 
lated, sound attenuating chamber. A high frequency speaker 
(Radio Shack Supertweeter), located 10-cm behind the cage, 
delivered the startle stimulus which was a 40-msec burst of 
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FIG. 1. Mean amplitude of whole-body startle (left panel) and peak- 
to-peak EMG activity in the neck (right panel) on Light-Noise trials 
(LT) and Noise-Alone trials (TA) averaged across 10 animals given 
prior fear conditioning. 


white noise. Background white noise, provided by a white 
noise generator, was 55-db. Sound level measurements were 
made within the cage with a General Radio Model 1551-C 
sound level meter (A-scale). 

EMG testing. The Amphenol socket attached to each rat 
was connected to a mercury slip ring allowing relatively free 
movement of the animal in the startle cage. The EMG signal 
was amplified by a differential amplifier (WPI, Model 
DAM-6A) and fed to a storage oscilloscope which sampled 
the EMG at a sweep speed of 2 msec per division. 

Pre-pulse stimulation. The pre-pulse stimulus was a 20- 
msec burst of white noise delivered through another high 
frequency speaker placed next to the startle stimulus 
speaker. Pre-pulse intensity was 60 dB and the background 
white noise was turned off during this testing, resulting in an 
ambient noise level of 40 dB. 

Fear conditioning and testing. Five identical boxes 
(30x 25x25 cm) were used for training. The sides and top of 
each box were constructed of aluminum while Plexiglas 
composed the front and back walls. The floor was made of 
4.8 mm stainless steel bars spaced 19-mm apart. The boxes 
were located on 2 shelves inside a 1X1X2-m ventilated, 
sound-attenuating chamber. The conditioned stimulus (CS) 
was produced by an 8-W fluorescent light bulb (Sylvania 
F8T5, 100 us rise time) located on the outside of the back 
wall of each training box. The unconditioned stimulus (US) 
was shock delivered from 5 LeHigh Valley constant-current 
(scrambled) generators (SGS-0.04). Shock intensity was 
measured with a 1-K resistor across a differential channel of 
an oscilloscope in series with a 100-K resistor connected 
between adjacent floor bars in each training box. Current 
was defined as the RMS voltage across the 1-K resistor 
where mA =0.707 x 0.5 x peak-to-peak voltage. According 
to this method, the shock intensity was 0.6 mA. For fear- 
conditioned testing an 8-W bulb identical to that used in 
training was attached to the rear steel supports of the startle 
testing cage. 


Testing Procedure 


Three days following surgery each animal was placed in 
the startle chamber and connected to the slip ring. Five 
minutes later a series of white noise bursts were presented to 
determine for each animal a stimulus intensity that produced 
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startle amplitudes in the range of 20 to 40 units. Stimuli of 
varying intensities were presented every 30 sec for a 5—10 
min period. Once a stimulus intensity was determined for 
each animal, it remained constant throughout the remainder 
of the experiment. 

For each of the following experiments the maximum 
peak-to-peak voltage of the EMG response over a 10-msec 
period after stimulus onset was recorded by the experi- 
menter on a data sheet from the display stored on the oscillo- 
scope. In an attempt to eliminate movement artifacts in the 
EMG records, a stimulus-delay switch could be operated by 
the experimenter to delay the test trial until the animal had 
stopped moving (i.e., grooming, turning, etc.). The use of 
this delay switch was required on about 3% of all the test 
trials. 

Fear conditioning. Ten rats were given fear-conditioning 
training three days prior to surgery. Each rat received 10 
light-shock pairings on each of two training sessions. A 0.6 
mA shock was presented during the last 500 msec of a 3.7- 
sec light. The 10 light-shock pairings were separated by 4 to 5 
min. Training sessions were held on two consecutive days. 

Testing for fear-conditioning was conducted on the fourth 
day following surgery. Five minutes after each animal was 
placed in the chamber and attached to the slip ring, the first 
of 20 noise bursts was presented. Ten noise bursts were 
presented in the presence of the light (LT trials); the other 
ten startle stimuli were presented alone (TA trials). On the 
LT trials, the 40-msec noise burst was presented during the 
last 500 msec of the 3.0 sec light. The startle stimuli were 
presented every 15 sec. The order of the LT and TA trials 
was counterbalanced across the 20-trial session so that a LT 
trial followed a TA or another LT trial approximately an 
equal number of times. Likewise a TA trial followed a LT or 
another TA trial approximately an equal number of times for 
each rat. 

Pre-pulse inhibition. Two days following fear-conditioned 
testing, five of the animals tested for fear conditioning were 
tested according to a pre-pulse inhibition procedure. Five 
minutes after placement in the startle chamber, a 20-trial 
series of noise bursts was presented with 15 sec separating 
each trial. A 60-dB white noise burst was presented 60 msec 
prior to the onset of the startle stimulus on ten trials (PP 
trials) while the startle stimulus alone was presented on an- 
other ten trials (TA trials). The order of presentation of PP 
and TA trials was counterbalanced across the 20-trial ses- 
sion. Six pre-pulse stimuli alone were presented before and 
after the 20-trial session to test whether each animal re- 
sponded to the pre-pulse stimulus itself. 

Drug testing. Four days following surgery another group 
of five animals was tested with either clonidine HCI (40 
pg/kg) or strychnine HCI (0.75 mg/kg). Each rat was placed 
in the chamber and 5 minutes later given the first of 30 startle 
stimuli presented at a 20-sec inter-stimulus interval (ISI). 
Following this pre-injection test period, each animal was re- 
moved from the chamber, given an intraperitoneal drug in- 
jection, immediately returned to the chamber, and given the 
first of 90 startle stimuli (20-sec ISI). On the first test day, 
three of the rats received strychnine while the other two rats 
were injected with clonidine. On the next day, each animal 
was tested again in the same manner but those having re- 
ceived strychnine now received clonidine and vice versa. 

Four of the animals tested for fear conditioning that were 
not tested for pre-pulse inhibition were employed as control 
animals for the drug testing. Each of these four animals was 
tested on the sixth day following surgery in the manner de- 
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FIG. 2. Oscilloscope tracings on two Noise-Alone trials (TA) and 
two Light-Noise trials (LT) for one animal given prior fear condition- 
ing. The top trace in each panel displays output of a sound-level 
meter, the middle trace shows the EMG response measured from the 
neck muscles, and the lower trace presents the startle cage ac- 
celerometer output. Scale. Left panels: EMG=1 volt/division; star- 
tle=1 volt/division; sweep speed=20 msec/division. Right panels: 
EMG=0.5 volt/division; startle=2 volts/division; sweep speed=5 
msec/division. 


scribed above but instead of receiving a drug, they were 
injected with distilled water. 


RESULTS 


The peak-to-peak EMG response, like whole-body star- 
tle, was significantly enhanced during the presentation of the 
light CS in the 10 animals given prior fear conditioning. Fig- 
ure | shows that the mean response amplitude on the 10 
light-noise trials (LT) was greater than that on the 10 noise- 
alone trials (TA) for both the whole-body startle and peak- 
to-peak EMG measures. Dependent /-tests revealed a signif- 
icant potentiation of responding on the LT trials for whole- 
body startle, 7(9)=5.71, p<0.001, and peak-to-peak EMG, 
t(9)=2.61, p<0.05. 

Figure 2 presents oscilloscope tracings of whole-body 
startle and EMG responses on two pair of noise-alone trials 
(TA) and light-noise trials (LT) for one animal that had pre- 
viously been trained for fear conditioning. The top trace in 
each panel displays the output of a sound-level meter placed 
inside the chamber (note that the duration of the acoustic 
stimulus had been shortened for this demonstration). The 
middle trace shows the amplified EMG response and the 
right panels illustrate that this response occurs with a latency 
of approximately 5 msec. The lower trace in each panel dis- 
plays the amplified accelerometer output representing the 
animal’s whole-body startle response. It is clear from Fig. 2 
that the very earliest component of the EMG wave was 
larger when acoustic startle was elicited in the presence of 
the light, reflecting the modulation produced by the fear 
conditioning. 

Both the peak-to-peak EMG and whole-body startle re- 
sponses were inhibited by a pre-pulse stimulus. Figure 3 
presents the mean response amplitude for the 10 noise-alone 
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FIG. 3. Mean amplitude of whole-body startle (left panel) and peak- 
to-peak neck EMG (right panel) on pre-pulse trials (PP) and noise- 
alone trials (TA) averaged across 5 rats. 


(TA) and the 10 pre-pulse (PP) trials for whole-body startle 
and peak-to-peak EMG averaged across 5 rats. Dependent 
t-tests revealed that relative to the TA trials, pre-pulse stim- 
uli significantly inhibited whole-body startle, 1(4)=3.30, 
p<0.05, and peak-to-peak EMG, 1(4)=3.27, p<0.05, re- 
sponses. Most animals did not respond to the pre-pulse 
stimulus itself on the six trials that it was presented before 
and after the 20-trial session. If an animal did show an EMG 
response to the pre-pulse stimulus, it habituated rapidly over 
the first one or two stimuli before the 20-trial session and 
never occurred after the session. 

To evaluate if whole-body and EMG measures of startle 
correlated across trials, Pearson r coefficients between peak 
accelerometer output over a 200 msec period and peak-to- 
peak neck EMG over a 10 msec period after stimulus onset 
were calculated for each animal by combining the 20 trials 
under the fear conditioning and pre-pulse procedures into a 
40-trial run. The r’s were 0.78, 0.61, 0.67, 0.40 and 0.39, all 
p’s<0.01 for 38 df. 

A similar pattern of results between whole-body startle 
and peak-to-peak EMG was again observed following 
strychnine or clonidine administration. The left panel of Fig. 
4 displays the mean whole-body startle amplitude for the 30 
trials before (pre) and 90 trials following (post) injection of 
these drugs or distilled water while the right panel of the 
figure displays the data for the peak-to-peak EMG measure. 
Analysis of variance (ANOVA) using the pre and post injec- 
tion means (a within-subject factor) for clonidine or water (a 
between-subject factor) and strychnine or water (a be- 
tween-subject factor) revealed a significant Drug <x Time 
(pre vs. post) interaction for clonidine (n=5) vs. water (n=4); 
F(1,7)=13.36, p<0.01, and strychnine (n=5) vs. water 
(n=4); F(1,7)=10.88, p<0.01, for whole-body startle. Sub- 
sequent analysis of these interactions showed that clonidine 
significantly depressed, 1(4)=3.69, p<0.02, and strychnine 
significantly increased, t(4)=5.53, p<0.01, startle relative to 
the pre-injection period while water had no effect, 1(3)=1.45, 
p>0.24. Analysis of the peak-to-peak EMG data yielded 
similar results. ANOVA found a significant Drug x Time 
interaction for clonidine vs. water, F(1,7)=9.58, p<0.02, and 
strychnine vs. water, F(1,7)=8.29, p<0.02. Post hoc analysis 
of this interaction showed that clonidine significantly de- 
creased, 1(4)=3.28, p<0.03, while strychnine significantly 
increased, 1(4)=4.90, p<0.01, this EMG response. 


DISCUSSION 


The purpose of the present study was to determine if 
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FIG. 4. Mean amplitude of whole-body startle (left panel) and peak- 
to-peak neck EMG (right panel) on 30 trials before (PRE) and 90 
trials after (POST) injection of distilled water, 40 ug/kg clonidine, or 
0.75 mg/kg strychnine. One group of 5 rats received the clonidine 
and strychnine treatments on separate days while another group of 4 
rats received water alone. 


plasticity resulting from several procedures that are known 
to affect whole-body startle measured with a cage sensitive 
to movement would also affect the short latency elec- 
tromyographic response (EMG) measured from the neck. All 
aspects of behavioral and pharmacological plasticity ob- 
served with whole-body startle were also seen in the very 
earliest component of the EMG waveform. The peak-to-peak 
EMG response that occurred within 10 msec of startle 
stimulus onset displayed pre-pulse inhibition, enhancement 
by prior fear conditioning, inhibition by clonidine, and exci- 
tation by strychnine. 

These results are consistent with other investigators who 
have shown that startle responses measured electromyo- 
graphically display habituation to stimulus repetition [9, 11, 
18], pre-pulse inhibition [9,12], and pre-pulse facilitation 
[12,15]. The present results extend this work by demonstrat- 
ing that the amplitude of the short-latency EMG response is 
modified by a conditioned fear or pre-pulse stimulus as well 
as by the drugs strychnine and clonidine. 

In analyzing electromyographic activity associated with 
the acoustic startle response Szabo [20] found the earliest 
component of the EMG to occur with a latency of 7-9 msec 
(measured from the gastrocnemius muscles in the hindlegs) 
followed by a later, more variable component. Recently, a 
primary startle circuit has been proposed which consists of 
the ventral cochlear nucleus, ventral nucleus of the lateral 
lemniscus, nucleus reticularis pontis caudalis, and motor 
neurons in the spinal cord [8]. Electrical elicitation of startle 
from structures within this pathway produces EMG activity 
with a latency of 5 msec in neck muscles, 6 msec in the 
forepaws, and 8 msec in the hindpaws. Therefore, it is likely 
that the short latency (5 msec) response measured in the 
neck muscles in the present study is mediated by this neural 
pathway. 

The fact that this very early EMG response exhibits pre- 
pulse inhibition, fear conditioning, and clonidine and 
strychnine effects strongly suggests that each of these ma- 
nipulations ultimately alters neural transmission along the 
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primary startle pathway outlined above. This does not mean, 
however, that other neuroanatomical systems are not also 
involved. In fact, it has been reported that lesions of the 
inferior colliculus [17] block pre-pulse inhibition whereas le- 
sions of several visual areas block fear-enhanced startle [21]. 
In both cases the lesions did not prevent startle, indicating 
that the neural pathway that actually mediates startle was 
still intact. Instead, these lesions interfered with processes 
that modulate startle via extrinsic neural pathways which 
eventually project to the pathway(s) that actually mediate 
acoustic startle. The present study indicates that these ex- 
trinsic pathways must project to a very short-latency startle 
pathway since, in all cases, the very short-latency EMG re- 
sponse was affected. Moreover, it is possible that modula- 
tion along the short latency neural pathway is sufficient to 
produce the behavioral plasticity resulting from these ma- 
nipulations so that recruitment of longer latency response 
pathways that might also be involved in acoustic startle may 
not be necessary for the behavioral changes to occur. 
Although electromyographic activity in the neck muscles 
only lasts about 20 msec, it is apparent from Fig. 2 that 
whole-body startle produces cage movement that lasts for 
about 100 msec, equivalent to about a 10 Hz perturbation of 
the cage. We have seen a similar relationship between cage 
movement and EMG activity in several different leg mus- 
cles, where cage movement long outlasts the EMG response 
(Davis and Baldwin, unpublished observations). Recently, 
we have found that whole-body startle results in about a 10 
Hz perturbation of the cage using several different transduc- 


1191 


ers and cages that vary considerably in resonant frequency 
(2]. It is believed that the 10 Hz response represents the 
translation of muscle movements through the spongy foot 
pads of the rat to the cage. Given this translational process, it 
still seems appropriate to measure whole-body startle over a 
relatively long interval (e.g., 100-200 msec) after stimulus 
onset when assessing plasticity of the whole-body startle re- 
sponse. 

In conclusion, our data indicate that several different 
types of behavioral plasticity previously observed with 
whole-body startle are seen when startle is defined by EMG 
activity in the neck muscles having a latency of about 5 
msec. This very short latency response is probably mediated 
by a neural pathway consisting of the ventral cochlear nu- 
cleus, ventral lateral lemniscus nucleus, nucleus reticularis 
pontis caudalis, and spinal motor neurons. Consequently, 
the locus and nature of the mechanisms underlying these and 
other forms of plasticity of this behavioral response system 
might be better understood by a molecular analysis of this 
response pathway. 
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SHAW, N. Disruption of conditioned taste aversion by ECS: The role of lithium chloride. PHYSIOL BEHAV 36(6) 
1193-1195, 1986.—Rats were taught a conditioned taste aversion (CTA) by pairing a 10% sucrose solution (CS) with lithium 
chloride (LiCl)-induced poisoning (UCS). The CS-UCS interval was 30 min. The LiCl dose (20 ml/kg) was either strong 
(0.15 M) or weaker (0.075 M). Electroconvulsive shock (ECS) (80 mA for 600 msec) was interpolated within the CS-UCS 
interval at either 15 or 30 min. ECS caused a significant disruption of CTA only when the aversion was established with the 
weaker dose of LiCl. There was also no indication that interference with CTA was dependent upon close temporal 
contiguity between the ECS and LiCl. In a second experiment a CTA was established with LiCl (0.15 M) which was heated 
to 45°C. Under these conditions ECS produced a similar disruption cf learning to that when the UCS was the weaker dose 
of LiCl (0.075 M). The results suggest that an apparent differential loss of learning within the CS-UCS interval described in 
a previous report was accidentally created when some groups of animals were poisoned with warm and others with cold 


LiCl. 
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IT is now well established that electroconvulsive shock 
(ECS) can disrupt conditioned taste aversion (CTA) in the 
rat. This has been most commonly studied by interpolating 
ECS in the interval between the taste cue (CS) and the 
poisoning (UCS) although amnesic effects have also been ob- 
served when ECS was administered before the CS and after 
the UCS [1, 2, 3, 4, 5, 6]. Recently however, Shaw and 
Webster [7] reported that interference with CTA also seemed 
to be dependent upon the close temporal contiguity of the 
ECS and lithium chloride (LiCl) (the poisoning agent). In 
their study only if the ECS was administered both within the 
CS-UCS interval and within 5 min of the injection of LiCl did 
it result in a significant loss of learning. At least two expla- 
nations were offered to account for this phenomenon. First, 
the ECS could have acted to shield the animal from the op- 
timum toxic effects of the poisoning. Alternatively, LiCl may 
possess neuroactive properties which could have interacted 
with those produced by the ECS so as to weaken or destroy 
the gustatory engram or some other component of the biolog- 
ical basis of CTA. Both theories could account for the loss of 
CTA but in retrospect neither seems to be correct. In the 
present report two experiments are described which attempt 
to clarify this seemingly anomalous observation. 


EXPERIMENT | 


In this experiment rats were taught a CTA using either a 
strong or a weaker dose of LiCl. ECS was administered 
either in the middle of the CS-UCS interval or else in close 
temporal proximity to the injection of LiCl. The extent to 
which ECS interfered with the learning under these various 
contingencies was studied. 


METHOD 


Subjects were 56 adult male rats (350-450 g) divided into 
seven groups (n=8). Throughout the experiment they were 
allowed access to food (laboratory pellets) in their home 
cages. The animals were initially placed on a water depriva- 
tion schedule and allowed access to water in individual 
drinking boxes for 10 min daily. Animals drank from a water 
spout connected to a 50-ml cylinder clipped to the outside of 
the box. After 8 days of this training, daily water intake rates 
had stabilized. On the following (conditioning) day all 
animals were allowed to drink a 10% sucrose solution for 5 
min and 30 min later were injected IP with either LiCl or 
saline. Group 1 animals were poisoned with a 0.15 M solu- 
tion of LiCl (20 ml/kg). The temperature of the LiCl was 
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FIG. 1. Mean sucrose intake for the animals in Experiment | on the 
test day. The range is represented by the continuous line and the SD 
by the broken line. The time that ECS was administered on the 
conditioning day plus the concentration of LiCl used as the UCS is 
indicated. Note that the scale on the right ordinate applies only to 
group 7. PC=poisoned controls; UPC=unpoisoned controls. 


approximately 20°C. In addition ECS was delivered to the 
animal 15 min after drinking sucrose (i.e., midway through 
the CS-UCS interval). Group 2 animals were treated identi- 
cally to group | except that ECS was administered at 30 min 
(i.e., simultaneously with the injection of LiCl). Group 3 
animals were treated identically to group | except that they 
were injected with a weaker solution of LiCl (0.075 M) (20 
ml/kg). Group 4 animals were treated identically to group 3 
except that ECS was delivered at 30 min, as in group 2. 
Groups 5 and 6 were poisoned controls. These animals were 
not given ECS but group 5 was poisoned with the stronger 
solution of LiCl (0.15 M) and group 6 with the weaker solu- 
tion (0.075 M). Group 7 were unpoisoned controls. These 
animals were injected with a solution of isotonic saline (20 
ml/kg). 

ECS was delivered transpinnately via miniature bulldog 
clips, the insides of which had been smeared with electrode 
jelly. The magnitude of the shock was 80 mA with a duration 
of 600 msec and was monitored with an oscilloscope. 

On the following 2 days after the conditioning trial 
animals again drank water in their drinking boxes for 10 min. 
On the next (test) day the degree of aversion acquired to the 
CS was assessed by allowing all animals access again to a 
10% sucrose solution for 10 min. 

Subjects which died as a result of the conditioning proce- 
dure or whose water intake did not return to normal by the 
second day were replaced by animals of comparable weight. 


RESULTS AND DISCUSSION 


Mean sucrose intake for groups 1-7 on the conditioning 
day was 9.3, 9.1, 9.8, 9.3, 9.1, 10.5 and 10.9 ml respectively. 
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FIG. 2. Mean sucrose intake for the animals in Experiment 2 on the 
test day plus range (continuous line) and SD (broken line). To 
facilitate comparison with Fig. 1 the groups are labelled 8-11. Note 
that the scale on the right ordinate applies only to group 11. 


There were no significant differences among groups, 
F(6,49)=0.68, p>0.1. Mean sucrose intake for the seven 
groups on the test day is shown in Fig. 1. ANOVA revealed 
significant differences among the groups, F(6,49)=48.92, 
p<0.005. Duncan’s multiple range test was used to make 
pairwise comparisons at the 0.05 level of significance. 
Groups 1, 2, 5 and 6 did not differ significantly from each 
other, although mean sucrose intake for both groups | and 2 
was slightly greater than that of the poisoned controls (group 
5) suggesting a very slight amnesic effect of the ECS. Groups 
3 and 4 did not differ and both drank significantly more than 
groups 1, 2, 5, and 6. The unpoisoned controls (group 7) 
drank much more than any of the groups poisoned with LiCl. 

In summary, ECS produced a significant but limited dis- 
ruption of CTA only in animals poisoned with the weaker 
dose of LiCl (groups 3 and 4). Animals poisoned with the 
stronger dose (groups 1 and 2) barely drank more sucrose 
than the poisoned controls. Further, there was no evidence 
that temporal proximity of the ECS and LiCl was a neces- 
sary condition for interference with CTA to occur. Irrespec- 
tive of the LiCl dose, animals given ECS at 15 min acquired 
just as strong or as weak an aversion as those given ECS at 
30 min. Judging solely by the intake of sucrose on the test 
day, animals poisoned with the weaker dose of LiCl (0.075 
M) (group 6) acquired an identically strong aversion to the 
CS as did those poisoned with the stronger dose (0.15 M) 
(group 5). 

The results of Experiment 1 are clearly contrary to those 
reported by Shaw and Webster [7]. In the latter experiment 
animals were poisoned with a 0.15 M dose of LiCl yet ECS 
still produced a disruption of CTA in some groups which was 
very similar to that displayed by groups 3 and 4 who were 
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poisoned with a less potent dose of LiCl. The most par- 
simonious explanation of the results of Shaw and Webster 
was therefore that their animals were poisoned with a 
weaker dose of LiCl than was evident. There was at least one 
possible means by which the LiCl could have possessed a 
lesser potency than was apparent. This was due to the 
method by which the LiCl solution was characteristically 
made up. In order to obtain a sterile solution the water used 
for the solution was initially boiled and typically the LiCl 
was added while it was still warm. As a batch of the LiCl 
solution was often made up just prior to the conditioning 
trial, animals were sometimes injected with a warm solution. 
If warming a LiCl solution simultaneously weakened its po- 
tency, then animals may inadvertently have experienced a 
lesser degree of lithium toxicity, probably comparable to that 
of groups 3, 4 and 6 in the current experiment. Judging by the 
latter results therefore, the use of a warm solution of LiCl 
(0.15 M) as the UCS might similarly facilitate the disruption 
of CTA by ECS. Experiment 2 tested this prediction. 


EXPERIMENT 2 


METHOD 


Subjects were 32 adult male rats (350-450 g) divided into 
four groups (n=8). To avoid confusion with those of Exper- 
iment | they were designated groups 8-11. Preliminary train- 
ing was identical to that in Experiment 1. On the condition- 
ing day all animals were allowed to drink a 10% sucrose 
solution for 5 min and 30 min later were injected with a warm 
solution of either 0.15 M LiCl or isotonic saline (20 ml/kg). 
The temperature of the solution was approximately 45°C. 
Group 8 animals had ECS administered at 15 min after drink- 
ing sucrose followed by an injection of warm LiCl at 30 min. 
Group 9 animals were treated identically to group 8 except 
that ECS was delivered simultaneously with the injection of 
LiCl at 30 min. Group 10 animals were poisoned controls 
given only an injection of warm LiCl and group 11 animals 
were unpoisoned controls given an injection of warm saline. 
Following the conditioning trial the animals drank water for 
10 min per day for the next 2 days and on the following (test) 
day had access to a 10% sucrose solution for 10 min. 


RESULTS AND DISCUSSION 


Mean sucrose intake for groups 8-11 on the conditioning 
day was 9.3, 9.4, 10.5 and 8.9 ml respectively. There were no 
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significant differences among the groups, F(3,28)=0.64, 
p>0.1. Mean sucrose intake for the four groups on the test 
day is shown in Fig. 2. ANOVA revealed significant differ- 
ences among the groups, F(3,28)=41.58, p<0.005. Duncan's 
multiple range test was used to make pairwise comparisons 
among the 4 groups in Experiment 2 plus among all 11 groups 
in Experiments 1 and 2. Groups 8 and 9 did not differ and 
both drank significantly more than the poisoned controls 
(group 10). As in Experiment 1, the unpoisoned controls 
(group 11) drank much more than the three groups which 
were poisoned regardless of whether they also received 
ECS. When compared with the sucrose intake by the groups 
in Experiment 1, groups 8 and 9 did not differ from groups 3 
and 4, and group 10 did not differ from groups 1, 2, 5 and 6. 

In summary, in those animals injected with a warm dose 
of 0.15 M LiCl, the ECS produced a disruptive effect on 
CTA comparable to that displayed by the animals in Experi- 
ment | who had been poisoned with the weaker dose of LiCl 
(0.075 M). The aversion established with a warm dose of 
LiCl (group 10) showed a slight attenuation in comparison 
with that established with cold LiCl (group 5) although this 
difference was not significant. A retrospective analysis of the 
sequence under which the experiment reported by Shaw and 
Webster [7] was carried out is consistent with the interpreta- 
tion that the pattern of learning loss described was the result 
of an artifact of LiCl preparation. Because of the large num- 
bers of animals required for that experiment it was not 
possible to condition them all simultaneously. The majority 
of animals given ECS in close proximity to the LiCl were in 
the first batch of animals to be conditioned. These animals 
were presumably injected with freshly made up warm LiCl 
thus accounting for the disruptive effect of the ECS. Subse- 
quent groups were conditioned using the remainder of the 
now cold LiCl originally made up for the first group of sub- 
jects. Under these circumstances Lo impairment of CTA by 
ECS was observed. Therefore the differential amnesic effect 
reported by Shaw and Webster [7] was accidentally created. 
That warm LiCl has less toxic consequences than cold LiCl 
was not initially suspected because even when animals were 
injected with LiCl heated to 45°C (group 10), this still 
produced a seemingly strong and significant aversion to the 
sucrose cue. There is no ready explanation for why heating a 
LiCl solution weakens its poisonous properties. Conceiva- 
bly, the warm solution could act as a noxious stimulus to 
compete with the gastrointestinal effects induced by the 
LiCl. Alternatively, it may paralyze the interoceptors and 
thereby reduce the visceral response to the LiCl. 
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ALBERT, D. J., M. L. WALSH, Y. SIEMENS AND H. LOUIE. Spontaneous mouse killing rats: Gentling and food 
deprivation result in killing behavior almost identical to that of rats with medial hypothalamic lesions. PHYSIOL BEHAV 
36(6) 1197-1199, 1986.—Rats that were found to kill a mouse spontaneously were divided into two groups. One group was left 
untreated and allowed free access to food while the other was gentled for 15 min/day and given only 15 g of food/day. 
Nonkilling rats were induced to kill mice by lesions of the medial hypothalamus. Seven to ten days after being divided into 
groups or subjected to brain lesions, each rat’s behavior toward a series of stimuli was observed. The stimuli were a live 
mouse, a second live mouse, a freshly killed mouse, and a cotton wad. Food-deprived/gentled spontaneous killers and rats 
induced to kill by medial hypothalamic lesions each tended to attack with higher intensities and lower latencies than control 
spontaneous killers. The food-deprived/gentled spontaneous killers and lesion-induced killers (but not the control spon- 
taneous killers) also attacked a dead prey moved vertically and then held onto the prey with sufficient intensity that their 
feet would leave the floor of the cage before they would release their grip on the prey. It is argued that the behavior of 
food-deprived spontaneous killers may constitute a more valid model of spontaneous mouse killing than that of sated 
spontaneous killers. The close correspondence between behavior toward a prey by lesion-induced killers and food- 
deprived spontaneous killers suggests that the lesion-induced killers fit this model of mouse killing remarkably well. 

Medial hypothalamus Predation 


Aggression Mouse killing 





MOUSE killing induced by lesions of the medial hypothala- 
mus has been recognized as differing from that which occurs 
spontaneously [1, 2, 5]. New evidence indicates that when 
spontaneous killers are food deprived, their killing behavior 
increases in intensity and more closely resembles that of rats 
induced to kill by lesions. Specifically, food-deprived spon- 
taneous killers attack a second mouse more rapidly than the 
first and attack a dead mouse more intensely than do non- 
deprived spontaneous killers [3]. 

The present experiment demonstrated that the killing by 
spontaneous killers becomes virtually identical to that of rats 
induced to kill by medial hypothalamic lesions if the spon- 
taneous killers are gentled as well as food deprived. It was 





suspected that gentling might have an effect on killing be- 
cause observations in the course of previous experiments 
suggested that spontaneous killers were substantially more 
timid than lesion-induced killers under experimental test 
conditions. 


METHOD 


The subjects were male hooded rats bred in our labora- 
tory from stock obtained from Charles River, Canada. Light- 
ing was a 12/12 hr light/dark cycle with all testing being done 
in the last third of the light cycle. 

At the beginning of the experiment, the rats were trans- 
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TABLE 1 


CHARACTERISTICS OF ATTACKS ON VARIOUS STIMULUS OBJECTS BY FOOD DEPRIVED/GENTLED SPONTANEOUS MOUSE KILLERS, 
NORMAL SPONTANEOUS KILLERS, AND RATS INDUCED TO KILL BY MEDIAL HYPOTHALAMIC LESIONS 





Mean Number Responding to 


Median 
First 
Reaction 


Time 
Eating 
(sec) 


Time 
Biting 
(sec) 


Latency 
to attack 
(sec) 


Lateral 
Movement 


Vertical 
Movement 


Number 


Group Lifted 





First Mouse 
Hungry/Gentled-SK 
Med. Hypoth. Lesion 
Normal-SK 

Second Mouse 
Hungry/Gentled-SK 
Med. Hypoth. Lesion 
Normal-SK 

Dead Mouse 
Hungry/Gentled-SK 
Med. Hypoth. Lesion 
Normal-SK 

Cotton Wad 
Hungry/Gentled-SK 
Med. Hypoth. Lesion 
Normal-SK 


3.8 (3.0-4.0) 
4.0 (3.5-4.0) 
2.5 (0.9-4.0) 


0.9 (0.5)7 54 (10) 
9.4 (6.2)7 53 (10) 
100.1 (50.0) 30 (5) 


50 (12) 10/10 
34 (16) 9/9 
28 (10) 7/10 


9/107 
9/9% 
0/10 


4.0 (4.0-4.0)7 0.1 
4.0 (4.0-4.0)7 0.1 
3.5 (3.0-3.5) 3.4 


(0.1) 39 (8) 
(0.1) 49 (8) 
(2.1) 31 (3) 


82 (14) 10/10 
40 (15) 9/9 
69 (15) 


10/107 
9/94 
8/10 1/10 


4.0 (3.0-4.0)* 0.5 
3.0 (3.0-4.0) 0.9 
1.5 (0.0-3.5) 13.5 


(0.3) 32 (7) 
(0.3) (8) 
(8.3) 28 (5) 


116 (12) 9/10 
63 (20) 9/9 
97 (17) 6/10 


9/107 
9/9% 
0/10 


2.3 (1.0-4.0) 2.0 
2.0 (1.5-2.3) 
1.0 (0.0-2.0) 


(0.8) 
4.8 (2.9) 
3.8 (0.8) 


75 (13) 4/10 1/10 
61 (10) 7/9 5/9+ 
39 (7) 4/10 1/10 





Significantly different from normal spontaneous killers: *p<0.05 (two tailed), tp><0.01 (two tailed). 
The number in parentheses is the standard error of the mean or the interquartile range. 


ferred to individual cages. Twenty-four hr later an adult al- 
bino mouse was dropped into each cage and left for a 15 min 
period. Those animals that killed were considered spontane- 
ous killers and returned to group cages. Those which did not 
kill were returned to separate group cages. 


Surgery 


Standard surgical procedures were used to produce bilat- 
eral lesions of the medial hypothalamus in rats that did not 
kill a mouse spontaneously (see [2]). Forty-eight to seventy- 
two hours following surgery, each rat with a medial hypotha- 
lamic lesion was screened for mouse killing as described 
above. The lesioned rats that killed were placed in individual 
Plexiglas cages (25x3045 cm high). Food and water were 
freely available. 


Treatment of Spontaneous Killers 


One to two weeks following the test for mouse killing, rats 
that had killed a mouse spontaneously were randomly di- 
vided into two groups and placed in individual Plexiglas 
cages. Animals serving as controls were allowed free access 
to food and water but were not touched by the experimenter. 
Animals forming the experimental group were gentled 15 
min/day in their Plexiglas cage and food intake was restricted 
to 15 g of lab chow each day. Water was freely available. 


Behavioral Testing 


Mouse killing was examined in each rat’s Plexiglas cage 7 
to 10 days following placement in that cage. Each animal was 
exposed to the following sequence of stimuli: a live mouse, a 
second live mouse, a freshly killed mouse (by carbon dioxide 
suffocation), and a cotton wad (five, 5-cm long, cotton dental 


rolls tied together with white thread). The stimulus object 
was lowered into the cage tail first (or by the end of the 
thread) and placed next to the farthest wall the rat was fac- 
ing. Each rat’s response to a live mouse was observed for a 3 
min period following the kill. The intensity of the initial re- 
sponse to the mouse, the latency to attack, and the time 
spent biting or eating were recorded. At the end of the 3 min 
period, the dead mouse was grasped by the tail. It was raised 
up and down in front of the rat several times and the rat’s 
response was recorded. The rat’s response to horizontal 
movement of the dead mouse was observed second. 

The intensity of the initial response to the mouse was 
scored on a scale of 0 to 4. The scale was as follows: 0—a 
sniff; 1—nibbling or light pawing; 2—superficial biting and 
heavy pawing; 3—sniffing followed by a lunging attack 
within 2 sec; 4—immediate lunging attack. 

Observations of behavior toward a freshly killed mouse or 
a cotton wad were recorded in a manner which corresponded 
as closely as possible to the observations made on behavior 
toward a live mouse. 

There was a 5 min interval between the presentation of 
each stimulus object. During the behavioral tests, television 
cameras placed on each side of the Plexiglas cage recorded 
the behavior of the animal and the verbal comments of the 
observers (see [2] for details). The behavioral measures re- 
corded during the actual tests were confirmed by viewing the 
video recordings. 

Following behavioral testing, the brains of the lesioned 
animals were sectioned in a cryostat and stained with cresyl 
violet. 


RESULTS 


Food-deprived/gentled spontaneous mouse killing rats 
exhibited behavior toward a prey that was almost identical to 
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that of rats induced to kill by medial hypothalamic lesions 
(Table 1). Both the food-deprived/gentled spontaneous kill- 
ers and medial hypothalamically lesioned rats attacked the 
first mouse with a shorter latency than did untreated spon- 
taneous killers, F(2/26)=3.42, p<0.05; both t’s>2.1, both 
p’s<0.05. Following the kill, horizontal movement of the 
dead prey by the experimenter elicited an attack response 
from each group but vertical movement elicited attack only 
from lesioned rats and food-deprived/gentled spontaneous 
killers (Table 1). As the dead prey was lifted vertically from 
the cage, food-deprived/gentled spontaneous killers and rats 
with medial hypothalamic lesions each attacked and held 
onto the prey tenaciously enough to be lifted into the air 
while control animals did not (Fisher’s Exact Probability 
Test; both p’s<0.005). 

During the second mouse kill, both the food-deprived 
spontaneous killers and the rats with medial hypothalamic 
lesions attacked the prey with a significantly higher intensity 
than did the nondeprived spontaneous killers, H(2)=13.3, 
p<0.001; both U’s>75, p’s<0.01 (Table 1). The most intense 
reactions to the freshly killed mouse were emitted by the 
food-deprived/gentled spontaneous. killers, H(2)=5.5, 
p=0.06; U=72, p<0.02. Following both the second mouse 
kill and the presentation of the dead mouse, food- 
deprived/gentled spontaneous killers and lesion-induced kill- 
ers responded significantly more than the control group to 
vertical movement of the prey (Fisher’s Exact Probability 
Test; both p’s<0.005) and were the only animals that 
allowed themselves to be lifted into the air rather than re- 
lease their bite on the prey. 

Behavior toward the cotton wad followed a pattern simi- 
lar to that seen toward other stimuli but most of the differ- 
ences between groups were not statistically significant. 

Examination of the brain sections from animals with me- 
dial hypothalamic lesions revealed destruction at the level of 
the ventromedial nucleus of most tissue which lay between 
the ventricle and a vertical line through the fornix. There was 
partial damage to the dorsomedial nuclei. 


DISCUSSION 


Food-deprivation and gentling of spontaneous mouse kill- 
ing rats results in behavior toward a prey that is clearly 
different from that of satiated killers. As we have reported 
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previously [3] for rats that were only food deprived, food 
deprived/gentled spontaneous killers in the present experi- 
ment attack with a shorter latency and emit a more intense 
attack. The present experiment also demonstrates that when 
the spontaneous killers are gentled as well as food deprived, 
they will more readily respond with attack to movement of 
the dead prey by the experimenter. And, when they catch 
the prey, they hold on to it with a tenacity which results in 
their being lifted off the floor of the cage before they release 
their bite on the prey. Nondeprived spontaneous killers 
readily release the prey when the experimenter attempts to 
pull it away. 

A food deprived animal can be argued to constitute a 
more realistic example of a predator than a satiated animal. 
A hungry animal is more motivated to kill. Its behavior 
should embody more of the intensity that would be expected 
in normal predation. The hungry animal would also be ex- 
pected to respond to the dead prey in a manner more befit- 
ting the function of predation. The present observations on 
food-deprived spontaneous killers do, in fact, appear to 
substantiate this reasoning. The function of the gentling in 
the present experiment is thought to be limited to making the 
animal less fearful and more comfortable in the test situation. 
Following the present experiment, two food-de- 
prived/gentled spontaneous killers were retested in a satiated 
state. Neither exhibited either the heightened killing intensity 
or the tendency to hold onto the prey when it was moved by 
the experimenter following the kill. 

Medial hypothalamic lesions induce killing which is vir- 
tually identical to that of food-deprived/gentled spontaneous 
killers. The only consistent difference between these groups 
is that the lesioned animals exhibit a rather consistent tend- 
ency to bite the prey more following the kill whereas the 
food-deprived/gentled spontaneous killers spend more time 
eating. This similarity suggests that the discrepancies be- 
tween the killing of food-satiated spontaneous killers and 
lesion-induced killers that have been noted previously are 
not aberrant behaviors. Quite the contrary, if our reasoning 
is correct that the behavior of food-deprived spontaneous 
killers is a more valid model of predation than that of sated 
killers, then the mouse killing behavior of rats induced to kill 
by medial hypothalamic lesions (and also septal [3,4] or me- 
dial accumbens [2] lesions) must now be recognized as hav- 
ing a remarkable correspondence to normal predatory behav- 
ior by the rat. 
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